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AESTRACT 


This thesis presents the detailed design Гог а dynamic 
linker suitable for microcomputer operatior. The design 
exhibits the usual property of dynamic linkiné in that the 
Пт те от interprocedure symbolic references to virtual 
addresses is deferred until the symbolic reference is first 
encountered during process execution. The design includes 
the Specification of dynamic linker modules and data 
Structures. Furthermore, an overview of necessary cperating 
system Support is presented alone witn a detailed discussion 
of all additional translator output required. Hardware 
features desirable (but not necessary) in a dynamic lingine 
environment ere reviewed. | 

Dynamic linking without translator support ane unlinting 
of an object (from а process address Space) are 
investigated. A subset of tne dynamic linker design (not 
Саая the unlinkine capability) was implerented о: ar 
Intel 29029 microprocessor as a demonstration OS the 


прете о ту от the concepts introduced. 
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НИ А ОДЕ ТОМ 


оС Linking Пав been previously assumed to ге 
restricted to those computing systems that were specifically 
E 052210 support a dynamic linker. The first goal of this 
mess Was to determine if Specialized hardware, such as 
found in Multics [11], is essential to realize dynamic 
linkine. And, given that specialized hardware is not 
necessary, the second goal was to design a linker compatable 
with existing microcomputer architectures. 

The design of a dynamic linker was develcpec witn a 
basic set of design criteria (Table 1) established as 
guidelines. (A complete discussion of the implications of 
these criteria is delayed until the end of this thesis.) The 
most fundamental criterion wricn characterizes dynemic 
linking relates to when an object is bound to a virtuel 
address within a-process address space. In the traditional 
Ec Snvitronment. this binding occurs prior to prorram 
Ето Па сура linxing environment, binding is 
еми ШООГО ШАП Object, 15 first referenced ty a process. 
Tnis capability allows tremendous flexitility in the 


development of software systems. 
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фото ВЕС CRITERIA TOR Ал ГҮМАМІС LINZER 


1. Delayed Eindine - The binding (lirkine) of an 
external object to a virtual address (within a process 
address space) must not take place until the object is 
first referenced during program execution. 


ERN imited Overhead — Subsequent references to an object 
(i.e., references following the first reference; must 
not impose excessive overhead witn respect to process 
execution speed and primary storage. 


3. Domain Independence - The dynamic linker must te 
compatahle with current secure operating system designs. 
In a multidomain environment, the dynamic linker must be 
зараште 0: .executiíne in the domain of the galling 
subroutine (vice executing in the security kernel’ ). 


4. Syntatic Compatatility = The design must allow 
Ste rnel objects (0 te utilized in the same context as 
internally defined procedures and data. (This implies 
ИСЕ ета оо јест сап be used «as parameters sutject 
only to the limitations of tne language syntax.) 


Te ure Object Code = The dynamic linker must permit the 
object code of a procedure to remain rure, allowirg 
Sharing of procedures in a multiprogramming environment. 


e. rerdware Independence - The design must te 
implementable on a microprocessor which does not possess 
those hardware features specifically associated with 
dynamic linking. In Multics [11], the features include: 


а. hardware segmentation 

b. demanding paging 

(Рас ес. ассресотпе tnTougn memory 
d. a linkage fault during indirection 


l | 
It has been shown [7] that it is not necessary for the 
ШШӘШІІ Гіптет та тесійе іп the security kernel to maintain 
System security. 
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II. BACKEGROUNT 


шээг по онај concept of linzing and loading [14] 
involves one, or possibly two operating system routines that 
load several distinct objects into memory, combine them into 
one address space (loading), and finally resclve adéressing 
between objects (linking). The end result is an executable 
program. 

Mmerstatic and inflexible functions carried cut by the 
Еше loader place undesiratle limitations on program 
development. First, a program must be intact (i.e., contain 
СЕИ ТЕСТУ "required for proper execution) prior to run 
Berner Second, jf a mcdule i$ changed, the whole program must 
be relinked. Furthermore, a module may te statically linxed 
to Several proerams resulting in multiple copies of a module 
Existing within the system. Dynamic linking is proposed ас 
an alternative to static linking that solves these proclems. 

Паис икре 19, 11, 14] offers two other majcr 
ии асе over Static linking. First, dynamic linxing 
allows a programmer to write and test incomplete ¡programs 
Since one may include in a Subroutine a reference to an as 
Miri ten exterasal object and, as long as thae reference 
is never executed, the огоггат will nct experience a run 


time error. In the field of software develcprent, this 


feature is advantageous since incomplete modules may still 
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be tested individually. (It should be noted et this time 
лек Once t^e user has a completely tested oroduct. it may 
be @esired to statically link modules tosether to avoid the 
run time overhead associated with dynamic linking.) 

Кел евро па ог advantage of dynamic linking is that 
modules of a program need rot te гепега ед by the same 
translator. For example, іп а dynamic linging environment 
one may use FORTRAN to do some double precision scientific 
calculations. If the results were then stored in an external 
Gide structure, they could be displayed using 4 dynaricélly 
linked module written in a more suitable language fer 1/0 
formatting such 4s PL/1. Eecause the modules “communicate” 
via the external data Structure, and are dynamically linke? 
шаг  огпег,  треу пеед пот Ee from the same trarcletor. 
(Note that a dynamic linker does not prohibit such а 
“neterogenous” program from executing tut mey rot te 


\ 


cient 1n itself to allow proper executicr.) 


ARTES TRADITIONAT BINEINGS 104053 
ЕИО СИЗИ У ІЮе linker and the савет. skoulad be 
considered separate operating system Zunctions. Linxine пау 


still be viewed as the combinins of several objects into one 


rt, 


ОГО от; почесет, the loading process eéctually consist 0 


po 
(л 


COMAS Tine Operations. The popular cokeept of a loader 
оран Лес operation prior to run time wrich teses some 


7 


object со4е а550С14а164 мізп а ргогтат and “leads” this code 
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Ши осп memory where 1% сап be executed. Tnis is tne 
Моро стоп о: а lcader. Ihe loader must first determrize 
wBere each object will be placed in the address space of tne 
process (viz., a program in execution). (This traditional 
concept views the address space as a linear array of memory 
locations.) After loading, the 1іпкіпе loader would link 
ЕСЕ Objects into a single program Ly resolving the 
addressing of data and procedures defined external to 
individual sutroutines. (It is noted that some reverse the 


order by linkinging loaders may link before loading). 


B. DYNAMIC LINEING | 

The alternative to the Static linkine phase of the 
linking loader is to dynamically linx separate ohjects at 
оте. This involves objects referred to ir tae source 
code of a program by a symbolic name only. The corpleste 
operation (including a dynamic linking phase) dictates tnet 
the object be located, and added to the address space of a 
program (i.e., assigned a virtual address}. Tren tae 
reference to an object’s symbolic name is converted intc an 
addressing instruction using the object's virtvél address. 
This implies that a subroutine as it exist at the beginning 
ШЕШЕ саппот: properly execute since the object code 
produced from a reference to a symbolic паге must be 
Converted into a virtual address in the address space of a 


process. This address conversion is knowr as dynamic 
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linking. 

In order to support dynamic linking a system must nave 
ЭГ 101111їу 70 enter objects in the address space of a 
process during run time. Additionally, tne operating system 
must be able to “load” an object into memory during program 
execution. As has been notec DIESE two functions 
traditionally have been considered operations associated 
with the loader. However, it should be apparert that this 
loading’ je actrally a function of dvnaric memory 
allocation using techniques Such as paging, Seerertatior, or 
Mene relocation. Thus in a dynamic linking environment 
the loader functions are carried out by the operating system 
memory management that enters objects in a process adéress 


S pace. 


C. OPZRATING SYSTSM ENVIRONMENT FOR A DYNAMIC LINKER 
1. The Logical Levels of an Operating System 

It is useful at this time to ргорсѕе ап atstract 
wense tem аз en environment in which a dynamic linker 
will erist. This operating Со вел сове о сито our 
hierarchical levels. (An operating system aesier elone these 
lines has beer shown feasible for microcomzrzuters [1t].' The 
most fundamental level consist of the hardware associeted 
vitn the target machine. Atove this levels is 4 softwére 
kernel that includes the most basic software sriritives 


including memory management, file Pomi ives, aná 


15 





ОКЫ оссе support. Conceptually, the <errel includes 
Nusessoftware routines which, in a secure operatine svsten, 
must be protected from malicious or inadvertant tarmperine. 
а multiprogrammin& environment, the rernel provides tae 
(ИРА Пу to multiplex resources ‘i.e., line printers, disk 
units, etc.) for various user processes. 

The level above the kernel, the supervisor level, 
15151 or those ocperating system routines woich need not 
Exist in the Kernel. In general, the supervisor provides 
common services to all users. The final level is tne user 
level where user programs and data reside. (It тас teen 
shown (by Jansen [7]) that the linker shoulä be able to 
reside in all user levels. Jansen [7] also demonstrated that 


the dynamic linker need not and, more importantly. should 


mot exist in the kernel.) 
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ПО СОТТОП to the Address срасе Managen 

Fefore an Шог be Linked, it must be 
dene e sable by a process. In a static eT tals 
mama equate to loading the otject in the address space of a 
Месе by allocating to it a linear bleck of memory. 
Essentially this is what is done in a dynamic environment 
ERceUntOthe object retains its identity as a distinct segment 
and is allocated a virtual address г 2 15 thesis, 
virtual addresses will be considered to coasist of a Seerent 
number plus some offset from the base of tnat segment.) Tne 
assignment of a virtual address to an object will be done by 
ШИЕРаайтес5 space manager. 

The address Space manager is invoxed by the dynamic 
Minker with a request to make an object known. The adåress 
space manager does this by assigning to the object a unique 
ШОЕ ег, such as a segment number, trat car be usec to 
шаг the object within the process address Space. An entry 
for the ohject will then be made by the address space 
manager in a table to prevent assigning multiple identifiers 
to the same object. This implies that a search would first 


be made of this table, which is called the Frocess Eeference 


: A virtual address is a potentially relocataC'le address 
which may be converted into an absolute address by hardware. 
It may consist of a segment number and offset, or some otner 
relative format in which the base address of t^e segnent is 
addeà to an offset to achieve the absolute address. (However 
от ос 0001 imuly that s@ementation hardware is necessary 
in a dynamic linxing environment.) 
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Тађје 2 ‚ to determine if the object is already xnown. If 
not, the address space manager would have the object 
assigned a segment numter (identifier), create an entry for 
ШЕ 0014ест in the process reference table, and return this 


segment number to the linker. 


D. TERMINOLOGY 

In order to ensure that the terminology used 15 
understood, the following definitions are offered. 

е ле will be defined as а besic unit of 
Standalone, executatle code (i.e., a procedure). Several 
Рош те, ала data objects can be combined to form а 
program. Stated another way, a program corsist of all 
Subroutines and date modules utilized ty that program during 
its execution. A process [1] is a program in execution and 
is characterized ty en execution point (usually defined ty a 
hardware program counter) and an address Space. Purine 
ERE or, a subroutine may call an external object that is 
ишоме tO trat Subroutine only by its Symbolic hare prior to 
Нолит тте гегегецсе to ап external  otject within а 
subroutine will be called an external reference [15]. An 
external object [4] may consist of either deta (external 
data) or an external procedure (that is itself a 


Бле те). Bach otject is a distinct logical entity and 


2 In Multics [11], the process reference table is called 
the known segment tatle. 
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will at times also be referred to as a segrert [14]. (An 


effort is made to use the term "object" whenever possible to 


avoid the implication that a processor featuring hardware 


segmentation is necessary in a dynamic linking environment. ) 
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EIS hee Г МКО РГОСЕ5$; Ам ОҮЕРҮТЕ# 


Before detailing the dynamic linking process, a brief 
walkthrough of the steps involved in establishing a link 
between the subroutine <Caller> and some external procedure 
X«Target|Entry Name?» will be investigated. (Entrv_Name 
Melmesents опе of multiple accesses, or entry points, into 
<Target>. An entry point into an object can be corsiderec a 
label that can be referenced by ап external object. 
Associated with each entry point is a unique entry name, and 
БИ от оао гГ5еф that represents the relative nffset of 
the entry point from the starting location of the ЕУ ) 

Fundamentally, the following events must occur to link 
<Target¡Entry_Name> to <Caller>. The linxer must be invoked 
when a reference to  <Targetj=ntry_Name> is finst 
encountered. The linker must be capable of accessing the 
symbolic name "Target!Entry_ Name and usirg that symbolic 
name to learn the segment number of <Target>. The linker 
will then establish a link to <Targetj@ntry_Name> such that 
subsequent references found in <Caller> will not require 
invocation of the linxer but instead will result in either a 
COMME ON татеет | Впъгу Name>, in the case of ап external 


The term ‘entry point’ has evolved 85 representing 
ether the label “entry point” or the offset associated with 
о эе ит, 14]. This convention will be comtinvede in 
this thesis and, where the possibility of amtiguity exist, a 
comment will be made to ensure clarity. 


e 
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procedure, ог a memory reference to tre virtual address of 


Some externel data. 


А. THE WAIKTHEOUGE 

When the translatcr encounters an external reference in 
the source code of <Caller>, it will enter the syrbolic name 
"TargetiEntry Name" in the symbolic name table for «Caller». 
(The symbolic name table of <Caller> contains the symbolic 
names of external ЕРИ data associated with each 
entry point found in <Caller>. Additionally. the svmbolic 
name table exists at run time.) The object code preduced for 
the external reference to <Target;Entry_Name> (es found in 
<Caller>) consist cf a procedure call to a virtual address 
in <Caller>’s linkage table’. МТС ПЕТ address is 
constructed at run time using a vase resister, called the 
linkage pointer, and some offset into Caller.link generated 
нг translator.) The virtual address called is an entry 
in Caller.link set aside for <TargetıEntry_Nare> and will be 
referred to as an Un Tue отсо Нас teen 
Шана еа to invoke the linker and pass to the linker the 
offset (in Caller.sym) of the symbolic хапе 


"Target lEntry_Name . The linker uses this offset along with 


5 


Шог while object.lin®@ will refer to an object 
linkage table. Thus <Caller>’s symbolic rare table an 
linkaze table becore Caller.syr and (adele rel ix 
Beemeet\ively. 


The symbolic name table of an object will be called 


2 


fu if 


Ру 
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the virtual address of the base of Caller.sym (which is 
Stored in Caller.link), to access the symbolic rare of the 
external reference. Once located, the linker will pass the 
Symbolic name Target to the address Space manager. 

The address space manager first determizes if an entry 
for <Target> already exist in the process  refererce tatie. 
ЖИЕЕПОГ(Г; (ле address Space manager will locate the object 
<Tareet> and have ії assiened a segment number in the 
гс Space of tne executing process. It will also make an 
КОШТУ for <Tereet> in the process reference table anc return 
to the lirker the segment number of <Target>. (It is at this 
point that <Target> is “known” to tne executing vrocess.; 

The linker now knows the segment number of <Tarset> and 
must create a lirkage table for «Target» (if ore has not 
already been constructed by an external reference to 
<Target> within anotner subroutine). A template accessable 
to the linker nas been constructed by the translator for 
this purpose and is appended (after minor computations) to 
the end of the comtined linkage ак (as Target.linx). 
(The building of a linkage table for <Target> allows it to 
О ОК п dynamic linking.) Additionally, the starting 


address of Target.link is entered in a data Structure krown 


6 The combined linkage table contains the linkaze tables 
of each object in a process. (Note that it is not necessary 
to utilize a combined linkage table in an implementation 
Since each object’s linkage table could be allocated its own 
segment.) 
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Ae Lipkege Address Table, making it aveilatle for future 
linking evaluations. (The linxaee address table of a process 
can” te considered an array containing the tase address of 
each objects linkage table and is subscripted hy tae 
Objects Segment numter.) 

A complete virtual address for <TargetıEntry Мапе> can 
be constructed by Searchine Tarset.sym for "Епфгу Name" to 
discover the entry peint (offset) and incomirg link cffset 
associated with "Entry Name". (An incoming link is a section 
of an object’s linkage table set aside to allow the 
performance of nousekeeping functions prior to invoxing the 
object.) 

The linker will now alter the outgoing lirk (in 
Цев Тіпе) to jump to the incomine link {found in 
Target.link). The linker tnen constructs the ircoming link 
to jump to the virtual address of <TargetjEntry Name> after 
setting the linxage pointer to point to Target.link. (Tae 
Мите pointer is a slobel pointer, e.g. hardware rerister, 
which always points to the currently executing subroutine’s 
linkage table. Thus before execution in <Terget сап 
commence, the linkage pointer must te Set to point to 
ДЕКСЕ ОЕ: The reason for this will be discussed later.) 
After the outgoing and incomine links are executed, the 
process will be executing in <Tareet>. 


When <Target> has finisned it will execute a& return 
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ЕИО ООо. Recall thet tae only procedure call in the 
linzage sequence was асте СТО ЕСПЕ о оте ох 
aller. link) ensuring a return to <Caller> after the 
Нэг Єїї0п0 of <Target>. The final step is to reset tre 
linkage pointer to the virtual (base) address of 
Caller.link. (This is done tv the translated external 
reference in <Caller>.) 

The steps followed for linking external data world be 
Similar except data is not executed. Therefore, the outeoine 
link need not "invoke" the data (via the incomine link) but 
read must allow «Caller» to reference the data. If 
indirect addressing is available, the outeoine link cen be a 
storage location for the virtual address of the external 
КО Ола сап be referenced via en indirect addressing 
ла осме јоп. (Note that on the first reference, this 
indirect addressing instruction must Те able to invoke tne 
eee same some fashion. In Multics., this is done ty 
вешета 10: a fault which invoxes the linzer as the fault 
handler.) If indirect addressing is not available (or cannot 
be used to invoke the linker on first reference to the 
data), the outgoing link can contain executable instructions 
which load some pointer with tne virtual address of the data 


ши тєг їг  ЇПё execution point to <Caller>. 
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НИНА St NOPSTIS OF TEE WALKTFEROUGE 

Mtro vice tne reader with an ebreviated review of the 
ЕО snap a link, tae following synopsis is providec. 
Additionally, figure 1 is annotated with the nvmter of each 
"Step to provide added clarity. When tne executing 
procedure (i.e., <Caller>) encounters a translated external 
reference to <Tareet¡Entry_Name> for the first time, the 


following sequence of events transpires: 


Seep = Phe execution point 15 transferred to tke 
РОТЕ link (in Caller.link). 


ep 2 - The linxer is invoked by the initialized 
Ноле Link. ihe linker 15 passed the offset с? 
<Тагвет | Епъгу Мате>”5 entry in Ае а еу as ап 


argurent. 


step & - The linzer Me erences Caller. сут апа extracts 
the symbolic name "Tareet|Entry Name" anà the offset (in 
Caller.link) of the (appropriate) outgoing link for 
Target; Entry_Name>. 


Step 4 - The linker invokes the address Space manager 
with the argument Target . 


Step 5 - The address space manager enters <Tar>et> in 
the process address space (if necéssarv) and returns to 
the linker the segment number of <Target>. 


Step 6 - The linker bvilds a linkafse tatle for <Target> 
(not shown). 


Step 7 - The linker searches Tareet.sym for Елїгу Name" 
с ел раст the offset of the incoming Нам (Рог 
Entry_Name) in Target.linx, and the entry point 
сео се with Entry_ Name. 


Step 8 - The linker computes the virtual address in 


«Target? associated with <Terset¡zntry_Nanme> ага the 
virtual address of Sntry_Name s inceming link. 
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Мере = "се Linkter estatlisnes 116 1104 by entering а 
ШІ: по the incoming 1115 in the outgoing link (in 
КОШКЕ О ШЕЕ); аво by loading the incoming Тіп: (in 
Eeee line) with an instruction which loads the linkese 
Penwith the address of Target.link and a jump to 
the entry_point in <Target>. 

Кер 10 - The linker invokes «Target» at the 
entry point. 

Figures 2 and 5 are included to show the execution 
Sequence of a snapped link for procedures and data 
ШЕ ГОП уе у. It is noted that a link that nas already been 
established does not require the invocation of the linxer 


but rather directly references tne external object. 
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ЕИ РС ШЕСТОЕ DYNAMIC LINKING 


А. FUNCTIONS OF A LINKER 
Dynamic linking centers around the ability to alter 
impure code (linkage tables 7 Maurin oa run time. Eit is tals 
щатите исп allows invocation of the linker on the first 
reference (to an object) and yet permits subsequent 
С бо tne same object to access that object cirectly 
МЕША 8111040 invocation of the linker). Estatlishine, or 
snapping [11], a link does not represent all tne functions 
ша Пгабте іп а linker. Linkage tatles must te constructed or 
the first reference (within a process) to en object, and 
system limitations may subsequentiv force the removal, or 
cines, 0: ar object from a process address space. 
P napping a Link 
a. Procedure Links 
toen  Snappane а link | between proeedvtres, the 
ИШЕ ОТО initially be passed the offset (in Caller.sym) 
of (the entry for) tne symbolic name Target!Entry_ Name. 
Mier can find "Caller.sym via а pointer stored іп 
Caller.link. (Pecall that the linxage pointer always 
indicates the executing procedure’s linxage table ensurine 


tre linker can locate Caller.linx.) Now the linker knows (ле 


It should te noted that linkege tatles avoic the 
undesirable effects normally associated with lmpure coce by 
being serially reusable and a per process entity (i.e., one 
linkage table per process for each object). 
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ОООО name of the object to te linzed, but it rust 
determine a virtual address within the object to de 
иа егепсед, 

In order to make <TargetiEntry_Name> 
addressable, the linker must determine tne segment number 
церостафес with <Target>, and tne entry point asscciated 
with Entry Name. To determine the segment гише of 
<Target>, the linxer will invoke the eddress svace manager 
passing the symbolic name ‘Target as an argument. The 
address space manager will enter <Target> in the process 
address space (if it is not already) and return <Terget>’s 
segment number to the linker Obtaining the segment numrvter is 
Та! Since the address space manager will return this 
information to the linker when passed the Symbolic паге 
“Target. 

Finding the ENDO HL associated with 
Eur Name requires access to  Target.sym. As will be 
605 5еа, а second function of the linxer is to construct e 
linkage table for <Terget> (if one does not already exist as 
a result of some previous reference to <Tarret>). After 
Target.link has been constructed, to find Tareet.sym, the 
segment number of <Target> is first used to access (in the 
linkage address tatle) the virtual address of Target.link. 
(Recall that the linkage address table is an array of 


pointers to the linrage table of eacn object іп а process 


om 





address space.) A pointer is found in Tareet.link to 
агре .<ут. 
It is proposed that, in an environrent. allowine 


multiple entry points into an object, each distinct entry 


name into an object te stored in the object’S Symbolic name 
table. In addition, the entry point (viz., the offset into 
the 221201) and the offset (in object.link) of the incoming 
associated with each entry point will also be stored in 
object.sym. Thus, by Searching Target.sym with the areument 
"Entry Name", the linker can compute the entry point and 
incomine link address necessary to Snap a link 70 
«Target|Entry Name». 

The first step in the actual Snapping of the 
link is to alter the outgoing De (in Caller.link) from a 
jump to the linker to a jump to the incoming link (in 
Target.link). The address jumped to is fcrmed by combining 
the segment number of Target.link (which is found in the 
linkage address table) with the offset (es stored in 
Target.sym) of the incoming lin*. 

The second step is the building cf the ігсогіпе 
ПИ Toe incoming link consist of two instructions. The 
meret loads the linkage pointer (10) with tke virtual 
address of fTarget.link ensuring that the linkage pointer 
always points to the currently executing procedure 5 linkare 


table. This is necessary to allow a procedure’s translated 
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code (viz., object code segment) to reference an external 
object while remaining pure. A reference to an external 
object is achieved via the outgoing link; the virtual 
address of the outgoing link is computable at run time by 
adding a fixed (at translation time) offset to tne linkage 
Ater and allowing the limkage pointer to vary during 
execution (see figure 4). Stated another way, it is tne 
linkare pointer which allows (pure) translated code to jump 
to an entity (the outgoing link) which is not bound to a 
епа address until run time. 

Ше сесона instruction in tre incoming link 15 a 
jump to the virtual address of «TargetiEntry Name» (of the 
form CXseement number; entry point»). Note that the incoring 
s may already exist in its snapped form as a result of 
some previous reference to <Target;intry_Name>. To identify 
this condition, the linker will first check a “snapped link 
bit’ which is set if the incoming link is snapped. A snapped 
mene 1S shown in figure 5. 

One may observe that the outeoine and incorine 
links could te merged into one link consisting of a 1046 
linkare pointer instruction followed ty a jump 10 
<TargetiEntry_Name>. This change eliminates incoming links 
but effectively requires an ’incomine-type link to te 
ponsbpuctedein each outeoing Tin referencing an оћјес;. 


This approach was not chosen since it requires tne 
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PROCETURE EXAMPLES 
DECLARE <Target> PROCSDIRE EYTHERNAL; 


сое 


BEGIN /* example */ 


• 


CAIL <Target;Entry_Name>; 


• 


END; PANAS о 


OBJECT CODE 


/* begin example */ 


CALL (Lp * offset of <Target{Entry_Name>’s outgoirg link) 


/ end example */ 


TFANSLATED EXTERNAL RSFSRENCS 


FIGURE 4 
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construction of ап “incoming link' for each reference to a 
procedure (vice just one incoming link) and additionally 
results in multiple load linkage pointer instructions. 


(Note, however, that in either of these link formats, 


\ 


subseauent references to <Target;Entry Name> do rot result 
Mmomievocation of the linker.) 
b. Data Links 

ror external data, the steps to Snap a link are 
similar except the linker alters the outgoing link to an 
instruction which loads a pointer (preferably a register) 
with the virtual address of tne external data, and a return 
instruction? . (AS will be shown, it is necessary for data 
segments to have both linkage tables and symbolic. name 
tables. This permits the linker to use essentially one 
algorithm to dynamically link both data and procedures.) 
Thus any subsequent references to the external data 
(XDatalEntry Name») initiated hy XCaller? would result іп 
loading a pointer with the у пиша 1 address of 
<Data¡Entry_Name> followed by a return to <Caller> ard would 
Bosssresuwlt in additional linker calls, 

А5 міти procedures, it iS desirable to reference 


multiple, symtolically named locations (viz., entry points) 


S As has been previously discussed, it is necessary to use 
Eco mor outeoling link if the processor hardware cannot 
support an indirect addressing instruction to invoke the 
linker (on first reference) and subseguently acress the 
пила address of thé external data. 
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meme cate structure. This implies that <Data> must undergo a 
translation to identify entry names and entry points and 
furthermore, must have a Symbolic name table in which this 
Ноте топ is stored. It is also necessary, given this 
condition, that <Data> nave a simplified linkage table 
consistine of a linkage table header. (The contents of a 
linkage table header will be presented later.) 
Миси сопегостјоп 0: а List of Snapped Links 
огт ес об есь in a process dadress Space. it 
may be desirable Tm Ш кат to Construct a Linged List 
which contains a pointer to each snapped outgoing linx 
nserencine that object. This linked list Is basically usec 
"HUN novide a record of references to an otject to permit 
unlirking an otject from an address space. (Unlirkinz will 
be discussed in more detail later.) A pointer to the start 
UNE nis linked list would be stored in the header of the 
object’s linkage table and new entries to the linked list 
would be entered at the head of the list (when snapping an 
по имен так). The linked list could easily be implemented 
ШУО а а list pointer in eac^ snapped outzoing link. 
2. Building Linkage Tables 
Before <Tareet> can commence execution. it must have 
E table in which snapped links can te stored. This 
allows (Target? to engage in dynamic linking (‘if it is a 


procedure). There exist two circumstances under wrich tne 
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ШО с ар е must 5e built. The first, and obvious, 
Meat ron 15 when dan weeternel object is dynemically linxed 
Mmemomprocess. Ine second is when a program is initially 
ВИМЕ Executing (уі2., during process initialization). 
However the steps involved in these two cases do not differ, 
allowing the same module of the linker to be utilized in 
Hog instances. 

To build аиа асе table, the linker will eccess é 
template for an external object (or program) that was 
Er ccructed durige translation. The template is ar exact 
Em сае с? object.link with the exception of the symbolic 
name tatle virtual address. The linker must therefore only 
add the segment number of «Target» to the symbolic паге 
эг offset ас found in the template to obtain a complete 
virtual address (for Target.sym). (This appreach assumes 
Terget.sym is а part of the transleted code of <Target>.) 
The remainder of the template is then appénded to tne 
combined linkage table ? ЕЕ cf an initlalizeg 
linkage table (and thus a template) is ситен iene le ен. 

There are two problems related to the implementation 


Aer function which require discussion. The first 


2 It iS not necessary for an implementation to include the 
combined linkage table since individual linage tables car 
be assigned unique segment nurbers. In "on, in а 
multidomain environment [(8], it is desired to assign lirxaee 
tables to separate segments since this permits the dynamic 
linker to be domain independent (in accordance witb the 
design criteria of Teble 1). 
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| linkage table size 
| | 
| *° о ө ө ө ө ө ө ө ө ө ө оо оо ооо ооо о ео • • | 
| symbolic name table | 
| virtual address | header 
і | 

| 9999 Ө е е е е Э Ө е ө ә о ө ө ө ө ө ө ө ө о в | 

| linked list pointer 
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ИМЕ пори амо те where vhe template is located in а process 
address space. One does not, in general, want the template 
аг Ээ: 07 the object code since this will resvlt in an 
entity (the template’ wnicn is used only once tecoming ап 
extraneous part of a process. (Note that system limitations 
mo rce this shortcoming on àn implementetion.)| A solutiorn 
in a non-sesmented system is to make the template a Separate 
file. (One may not wish to do this in a segmented system if 
the number of segments represents a limited asset and a file 
G@orresponas 10 a segment since this would require assienine 
the template its own segment number.) However, in а demand 
Нит епу гоптен, the template cen te a part of the otject 
code since it will only reside in memory when required and 
will then be “paged” out. Because it will never again te 
referenced, tne template will never asain te loaded into 


memory. 


40 





ОЛ ке = го ne second protlem of Ensuring tne 
emer can find tne template when it is a part of tne cbject 
EN тпеге аге several solutions to this, the most simple 


\ 
of which is to place a pointer to the template at some krown 


ea tion in the object code. Another solution woule entail 
making the template a separate file. Thus when building a 
linkage table, the 277110 is brovght 1060 a process 
БОЕ Е55 spaces copied into the combined linxage table, and 
then deleted from tne process address space. 
a sn appine Utjects 

It may ђе necessary to remove an object from tne 
address Space of За program. This situation ray occur, for 
example, when using %ле 78000 processor [i12] wita ore merory 
management unit (MMU). Since this hardware configuration 
allows a maximum of 64 segments (some of which will be 
allocated to the operating system), it is entirely possible 
that a process may require in excess of the maximum гипоег 
of available segments. It is desirable then to te 2116 to 
remove an object from the process addresS Space and unsnap 
o тогос links referring to that object. 

пе шрешаррспе 0: an outgoing link is a simple 
Procecure. The snapped outgoing link is merely replacec ty 
an entry equivalent to tne original, unsrarped cutscing 
link. More Specifically, this unsnapped link consist of code 


to pass the linker the offset of the external object's 
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symbolic name in object.sym followed by the invocation of 
the linker. (For simplicity, it will 5e assumed thet tne 
Maker 15 invoked via a jump instruction.) This implies that 
стог of each snapped linx must be set aside to store 
the offset of the symbolic name TOT use Gvrine 
unlinking??. 

The first step in the unlinkine process occurs when 
the address space manager, after being requested ty the 
Mercer to add an object to a process address Space, returns 
a message to tne linker indicating no segment numbers are 
wai lable (if this is the case). The linker would then céuse 
a segment ta be deallocated. i 

If desired, the object ’s linkage tatle 
(object.link), can be deleted from tne combined linkage 
table by performing @ compaction on the combined linkage 
table. (Note that compaction is not necessary since, aside 
from resulting in unused memory in the comtired linkāge 
table, if the deleted Segment is reentered in the process 
Ч space, а тен linkage table will te built ала 
appended го the combined linkage table.) If a compaction is 


E Note that all information necessary tc reset t^e link 
15181115 the requirement to store tne offset ir tre 
linkege table) is availatle in tne corbinee linxage table, 
the subroutine offset tatle and the template. Fowever, the 
mepomiecessary to extract this data are retner irvolved and 
the alternative of savine the offset within a srasped 112% 
is Suggested unless infrequent unlinding evolutions are 
сваре ted. 
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done, the deleted linkage table contains trreeds іг the 
red list of other sefments. which must te removed without 
destroying the linked list they were a part of. Ore soluticn 
mnis prolem is to implement a doubly linked or circular 
Мед list (by having the last entry of the list point te 
the linkage address table instead o? being set to nil). Now, 
(от tO removing object.link, the eer содула апа 
adjust each thread (of a linked list) with a node in 
ameet. link ensuring the integrity of other segpments' linked 
INS. 

Corpaction presents two other problems. First, when 


ohject.lirk is removed, other subroutines” 11пха 


Ju 
(D 
ct 
(1) 
су 
ps 
(D 
л 


ШІ ЧЕ тешссафей within the combined linkage table thus 
receiving new virtual addresses. This requires that tne 
linkare address table values for those linkage tatles alone 
си ши л еа list threads pointing inte them to te adjusted 
Beroräine!iy. The correction must be dene prior to actually 
Compacting (because linked list threads in’ the deleted 
finkace table will be lest during compaction: and requires 
tnat addresses in the combined linkage table Iren, 
Sumeutine woerffset, table, linked list. and <паррес link 
addresses) be corrected by the size of the reroved lintage 
table. А 5есопа problem relétes to snapped outeoing links 
эг со 10010125 links in relocated  lin:zege. “nese 


Ее ое зао теа by the size of object.linx. Note that 
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a sutroutine ’s linked list identifies each outgoing link 
that jumps into its lingage table. Therefore, every 
procedure segment whose linkage address table valve requires 
erecting must have each entry in its linked list updated. 

When unsnapping, the linked list (constructed hy the 
linker) is traversed and each entry in the list is 
reinitialized. Note that unlinxing affects many subroutine 
linkage tatles yet the linkage pointer still points to 
object.link for the subroutine which originally invoxed the 
Прес. This implies that linked list pointers must either 
be complete virtual addresses or relative to tre start of 
the combined linkage table (i.e., they cannot te relative to 
the linkage pointer.) 

An alternative to a linked list implementation is to 
have the linker search the combined linkage tatle for all 
snapped outgoing links referencing the deleted segment and 
reset each one found. (This is a less general soluticn since 
it requires the linker to know the format of 411 possible 
linkaze table ertries in order to identify those which must 
be reset.) Once all lingage tatle entries have teen 
reinitialized, the object’s linkage address table entry is 
СОКО О ОО О О ада the object and its linkage tatle (if 


desired) are removed from tne process address svace. 





В. OPERATING SYSTEM SUPPORT 
1. The Address Space Manager 
As has been noted, before a link to an object can be 


КОО реч the object must first be entered in the address 


Space of a process. A request to enter an object (i.e., make 
it known) is forwarded from tne linker to the address space 
manager. The address Space manager will be a ne 
Symbolic name of the object tnat is to be made accessahle 
and 1 ЖИБЕРЕ зезгеп Еасп entry in (Пе Srocess reference 
Pees to determine if an entry already exist for the otject. 
or it will return to tne linker tne segment number of 
the Orject. 

If the object iS not accessable, the address Space 
manager must first call on File Management to locate the 
ЕНЕСІ After the object is located, Memory Mänazerent is 
invoked to assign a segment number to the object 7 22201 
Memory Management were to indicate that it had no sefment 
numbers left to assign, tne address Space manager weuld 


return to the linker a message to this effect. 


Ч It is realized that this represents a very varue 
description of how an object is located and assigned a 
Segment number. Eowever, Since the exact Steps involved are 
highly dependent on the operating environment and are 
fundamental to most multiprogramming systems, it is felt 
that adequate information exist elsewhere to allow 
ШОМЕН асо of these functions without discussing them in 
this thesis. Note that the file system in use may be 
extremely Sophisticated as in Multics (11], or represent a 
simple one-to-one mapping of symbolic names to corresponding 
files. 
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2. The Process Reference Table 

The process reference table contains ar entry for 
each object in the address space of a process. The format 
for an entry (figure 7) includes the symbolic name cf tne 
object along with the segment number of the object. A third 
item which may be found in tne process reference table is a 
removal status reflecting the priority of an object for 
removal when unlinxing. 

Note that unlike a symbolic name table ertry, tne 
Oc name found In the process reference table does not 
include entry names. For example, a process may contain 
external ше те сео to X«Target:iEntry мате 1» anc 
XTarzet|Entry Name 2», but the process reference table would 


only contain one entry for «Target». 


symbolic : segment : removal | 
name * number  : priority | 


Figure 7 - Process Reference Table Entry 


"user Deletion from a Precess Address Space 
ПИ со neton with the “linker, а module of the 
operating system must exist to delete an object from the 
address space of a process. When invoked by the linker, this 


module would use some policy, such as least recently usec or 


46 





шэг 11, tirst—-out, to select ап otject for removal. The 
module would notify Memory Management that the object’s 
segment number is no longer in use ard reset the object’s 
сиви їп the process reference tatle to nil. The module 
would then inform the linker of the seerent number of the 
HEN е object. The linker can row unsnar links to tne 
object. 

ЕКЕ песіпі to point out policy consi@eretions for 
SMS tine an object for removal. To begin, note that each 
иг link is snapped to an object, the address space 
Manager is called to look up the segment number cf the 
Bererenced object. It may, therefore, te advantageous to 
keep track of the number of links to an object to avoid 
removal of a segment which is referenced mary times. (One 
Should not, however, strictly delete the object referenced 
the least number of times since this may well te the last 
object entered in the address Space and, applying tne 
memea of locality, be subject to further use in the near 
биге.) 

) 

ШІЮІПШЕП important item to Гв considerec before 
Selecting a subroutine for removal is whether it will 
eventually be returned to by the currently executing 
mmocedure (1.e., it has a current activation record). As ап 
ое say procedure А called procedure E which called 


procedure C. But before С could te linked an unlinkine 
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evolution was required. Certainly one wculd rot want to 
remove A or В to make virtual memory available for C since 
these тис procedures weulc be returre? to when C completed 
executing and the linking process has only been defined 
Пе а procedure call. Thus, if A cr Е were unlinked, € 
И ТЕегогп to a non-existent module which it ccul not 
link to or access (since A or E would no longer be in the 
process address space.) 

If the information necessary to determine whether a 
procedure has a current activation record is not readily 
available, there iS an easily implementable mechanism for 
determining this. A counter can Те assigned to each 
procedure (in a process address Space) that would be 
incremented or decremented as the procecure is invozed or 
Completes execution. Thus, а procedure whose covnter is zero 
has no current activation records and is availatle for 
removal. The counter could te updated by code in the snapped 
link and could be located in a procedure’s linkage table or 
linkage address tatle entry. Tnis По Dar mST 
must be involved in the selection of an object for гегоуа1. 

aA Process Initialization 

Process initialization involves those functions 
Aa t be carried out by the operatiíne system prior то 
commencement of program erecution. A brief review of these 


fumetions is offered at this time with a more detailed 
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we ssion available in work by Jānson [7, 2]. 

Eefore а process can commence execution of a 
program, the program’s linkage tatle (program.lirk) апа 
linkage address tatle must be allocated a sectior of the 
Mmecess address space and both tables must be initialized 
(or built from a template ¡in the case of proeram.linx). 
шиг опа11у tae linkage pointer must te set to point to 
Moram. link. The cperatine system must initialize the 
process reference table witn the applicable data for the 
program to be executed. Once this is accomplished, calls ty 


<program> can be dynamically linked. 


TRANSLATOR SUPPORT 

The process of dynamic linkine is only practical if the 
Pramsdator, whether a compiler or assemtler, has been 
designed to Support dynamic linking. In a (translator) 
Supported system, the trenslátor must be able to identify 
external references, build the Symbolic name table ага 
eueate w= Fabvle template, and identify entry points and entry 
names. A translator will be assumed to produce relocatable 
Exod 4llowine dynamic ге! оса оц of object code 
SegrentS--either by relocation hardware or softwere. 

Together, the translator ӘПІ the linker rust meet two 
requirements. First, the object code must remain pure curing 
рг 1002 process to allow use cf shared огссегчге 


segments in a multiprogramming environment (i.e., the џге 


'c1 
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Шээс code criterion of Table 1). In additien, tane code 
Маг бу the translator along with the sters followed in 
meee linkine process must not limit features of the source 
langvage (i.e., the syntactic compatability criterion). 
1.  Txternal References 

À translator must be atle to identify external 
references ani convert them into object code which will 
result in a call to the outgoing linx (figure 4j. The call 
produced by the translator is to an address which can te 
expressed as the value of the linkage родгђег plus some 
offset. Since the translator constructs the linkage table 
template, it knows the relative offset for a symbolic гате 5 
По пе Link in the linkage tatle. AS hes been Notes, 
because the linkage pointer identifies the beginring of the 
executing procedure’s linkage tatle, the object code for an 
external reference can be designed to call the outgcinz lirx 
desired. (The use of the linkage pointer ensures the purity 
of a procedures translated code.) 

2. Symbolic Neme Tables and Templates 

The translator builds both the symbolic name table 
ӘП пе linkage tatle template. This should not present any 
major problem for the translater since all information 
required to construct these two items is, in eeneral, either 
easily computable or found in the translatcr's symbol table. 


БЕРЕНСЕ (Пе translator builds both, it is not necessary for 
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оте ІП еттпег to be of uniform size. The translator, for 
example, knows the offset (i.e., starting locatior) sf a 
symbolic name table entry. Taerefore, when the translator 


constructs the linkage table template, each outgoing link 
Can be initialized to pass this offset to the linker (on 
first reference of an object.) 

Notice that a  one-tc-one corresponderce exist 
Ше ееп entries in the linkage table body and the symbolic 
name table. Thus, if the symbolic name table iS corstrurtad 
Мин. the construction of the template tecomes trivial. 
After the header of the template is built, the symbolic nare 
mere 1S scanned and ап outgoing or 1псотјге link is 
initialized within the template (depending on the type of 
symbolic name encountered). After each template entry is 
constructed, the offset of the link from the start of the 
template Can be stored into its respective entry in 
есь. зум. 


3. Entry Names end Entry_Points 





Шен рта ја(јог Should be able to recognize Гот 
entry names and tneir associated entry pcints and тале 
appropriate linkage table and Symbolic name tatle entries 
Ого те у. Тһе inclusion of entry points in the 
impiemenñtation of a dynamic linker ís highly desirable, 
particularly in a system with a limited virtual remory size. 


In this environment the number of unlinxing evolutions nay 
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Пете сепб1ју reduced ty using entry points to combine 


Small data or procedure objects into larger ones without 


losing the smaller object’s addressability 1“ : 


E Meo eS ds known as binding in Multics [11]. 
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ieee NAMIC LINsING Thsia$ 


И ОТО iS а discussion of the various tables 
БЕРОЕ ва мї тл à dvnamic linzer. The formats presented со 
МИ rewresent the only structures possible; however, they 
ШЕШІП all informetion necessary for бупат1с linking. 


Ne ya bol ic Name Table 


An entry in tne symbolic name table (figure £) i 


ПРЕ Ооо 70 the symtolic name includes two cther items. Th 


(D 


MS s cescriptor consisting of 6 type tit to idertiiy 
о | есі 85 procedure or data; an identity bit to classify 
Ши  m»olyc. neme as 2п external reference verses entry 
name; and a Size field to pass to the linger the nurter of 


characters in the svmbolic name, 


«ue quee quee quee quam cni quee quee quee ју" ју ју у ту х л «ии _« “7 х" ју __ _-х _ј _А Ко (_к_х_ х" a “у ју «жын аныз «ын» “e ay ФИН? «йо ЧАО TD A «қыз осо ашы: ашшы 
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папе | offset РЕ 
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Descriptor: 


data or | entry name a a tred, 
meoececure || indicator symbolic name | 


aio a quee O AD o A q O A O AO A s am E мио алы» oe ee owe И ЕР И И И «ыл» «иы» PTT T T T ae ae M i diii 


Figure & - Symbolic Name Table Entry. 
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IS COC е то бе inecluced 1s the effset of a 
symbolic name’s entry in the sutroutine’s linkéee 16116. For 
external references, the inclusion c? the offset in a 
ООШОТ С name tatle entry 15 not necessary however, its 
inclusion does remove the requirement for the linker to save 
this information when it (the linker) is invoked ty an 
outgoing link. However, for an access /entry point) into an 
object, the offset (of the incoming lint) must be included 
in the symbolic name table to ensure the linker knows where, 
КЕНЕ OR ject. link, to construct the Incoming lir*. The 
Па о сет found in the symbolic name  tatie is the Entry 
point (offset) associated with each entry name 3eclareGc 
Within an object. (The entry point is used to construct a 
virtual address of the form <segment_number¡entry_poirt>. 
This virtual address is used in the incoming linx to invoke 
the called external procedure.) 

пау be) desirable to seperete the symbolic name 
Пеко, two Sections consisting of external references 
шигээ їг poInts. Assuming the entry points follow the 
external references, a pointer to the beginning of the entry 
2 0. боста be stored at the beginning of the tatle to 
allow the dynamic lirker to jump directly to tne entry point 
section when required. This feature would perrit faster 
access for botn since each would be stored in a smaller Cate 


ШО ле. ГЁРЕ 1315 table oreanization is used it Would not 
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ILE сосату то include an identity bit in tbe descriptor of 
an entry. More that the symbolic name table is searched for 
ШЕ 001215 only, since external references are accesses 
есь у via the outeoire link.) 

It is natural to asx where the symtolic паге table 
of an object is located within a process. It is suezested 
that for procedures, tne symbolic name table be appended to 
the end of a procedure's object code. This will require only 
one copy of the symbolic nare table (which represents a pure 
data structure) ina shared, multiprozrarmine environrent. 
However, for external data, the symbolic name table carnot 
be located at the end of the data since it will limit the 
ability of the data structure to grow dynamically. A better 
solution would be to merge the data.sym with data.link and 
Store the two in the combined linkage tatle. This forrat 
БИБИ the data to be based at offset zero and &row 
dynamically. (The general form of a data symbolic 
name/linkege table is given in figure 9.) 

2. The Linkage Table 
а. The Initialized Linzage Tatle 
The initialized linkage table is shown in fieure 
б. The header of the linkage table conteins three items. The 
[ШЫ сит пе size of the linkage table. This item tells the 
linker the size с? the template wren building an object's 


linkage teble and also is used ty the linker to édjust 
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linkage table addresses wnen removirg a linxage tatle (dur- 
ing unlinking). (Eecall taat linked list threads, linkage 
address table entries, and jumps within the linkage table 
meet be adjusted by the size of a removed linkage table dur- 
ing compaction of the combined linkage table.) The Second 
ВИ Сога items fourd in the header corsist of the virtual 
ВЕС О: the symbolic name table and a pointer to the heed 
(1.е., a Snapped outgoing link to the object) of the linked 
list used in unlinxing. 

раселношъво пе ТГПІК Іп the body of the linxage 
meee template is initialized to two instructions. The first 
instruction passes the entry's offset in the symbolic name 
table to the linker (as an argument). The second 15 ап 
instruction which results in tne invocation of the linker. 
ШОО Сат ту, the two instructions found in the initialized 


outeoine link equate to: 


CALL Linker (symbolic_name_table_offset) 

The designer can алое го геге Las Tc 
mechanisms that may te used to invoxe tre linker. First, if 
the translator «knows the virtual address of tne linker (such 
as a fixed or reserved segment number), then the outecing 
links in a template can be tailored to invoke the linker 
directly (e.g., JUMP virtual address of <lirker>!l. The 
second method is to invoke tne linker bv а hardware fault 


which will result in tne linter deirg Called as the fault 
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uber. ne trarslator would therefore, initialize each 
outgoing link AMS ce torre tios the symbolici name on tne 
machine stack and then induce a hardware fault. The third 
mecmanism is for the linker to enter its own virtual address 
in each cutgoing link as it builds а procedures linxage 
table. (This represents the least desiratle techriqve since 
it requires the linker to know the format of the body of a 
memplate ала furthermore is much slower since the template 
must be Scanned as tre linkage table is tuilt.) 
Роста о: snapped Links 

A format for Snapped outgoings 11155 to external 
data and procedures are shown in figure 1%. The snappe? out- 
ЕСІПЕ link for a procedure consist of a jump to the incoming 
link in the called procedure’s link for an external rroce- 
dure’s linkage table. The snapped incoming linz loads the 
Мике pointer with the virtual address of the celled 
procedure’s linkage table (viz., Target.lirx), and then 
jumps to the called procedure (as defined ty Some entry 
point). For external data, the snapped outgoing link consist 
Nas truetion which loads a register with the virtual 
address of the data followed by а return instruction. 
(Recall that this technique is used when tne available herd- 
ЕЩЕ СОВЕ Nay support an indirect addressine dopPodc ^5. 

The two items common to both entries (as shown 


in figure 1£), “offset” and “linked list pointer”, represent 
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Mo mation to te vsed during unlinkins. The offset во the 
symbolic name table entry corresponding to the лао де 
link) is used when resetting the entry to its initialized 
form while the linked list pointer allows the unlinxer to 
find each entry in the combined linkage table which 
references the object being removed. 
3. The Linkage Address Table 
То facilitate each access to a subroutine's linkase 
table within the comtined linkage tatle, the linxage address 
table is used. Entries are subscripted ty segment number and 
contain the offset of an object's linkage table within the 
combined linkage table. (Note that if linkage tables were 
allocated individual Segments, vice a portion of the 
combined linkage table, the linkage address tatle would 
contain the virtual address of an object’s linkage table.) 
The problem erises as to where in a process address 
Space the linkage address table should be located. One would 
like to avoid allocating tne linkage address tatle its own 
segment and pointer register since these resources within а 
microprocessor are usually limited. Assuming the linkage 
d ess table i< initialized at process creation and is a 
eenen a possible Solution is to place it at the head 
econ biped” linrage tatle. If this approach 15 used, the 
table’s base address would be the Segment number of the 


linxage table (which is stored in the linkage pointer) with 
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uunmoffset of zero. 


Е. IMPIEMENTATION OF ENTRY NAMES AND ENTRY FOINTS 

шээс confusion, some of the fine Eoirts related to 
Nu implementation of entry names and entry points will te 
discussed at this time. ' 

шээг 11011821 has multiple entry points declared 
within it, each entry poirt must have a unique entry in 
ес. суп and a unique incoming link in object.link. This 
is logical Since each entry point defines a distinct 
се топ in an object. Secondly, if a procedure contéins 
externel references to several entry points within the same 
object, eacn unique reference must nave its own entry witnir 
the procedure’S Symbolic name table and its own outeoine 
Ibn. (For exemple, «Targeti|Zntry Name 1» and 

Tarzet|Entry Name 27? represent distinct referen-^es.) 

Notice that the start of an object represents an 
(frequently implied) entry point which must be included in 
the objéct’s symbolic name table and have an incoming link. 
However, one would like not to explicitly include such an 
“entry шон (e.g. <Target!Tarset>) in an external 
reference. Therefore, it iS suesested that an implementation 
ЕИО Вопр еа entry point in the absence of ап 


entry name. 
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ЕЕ WITHOUT TRANSLATOR SUPPORT 


oe 


e oO ability, the initial implementaticn of a 
anio? linger will not enjoy the translator support wbich 
has previously been assured to exist. Yet, within reasonable 
Га 11015, one would like to Те stle to utilizing the 
features of dynamic linking in an unsupported 12 
environment. Furthermore, lt is desirable to be äble to vse 
epee dynamic linker for both Supported and unsupported 
Meoceaures, to be able to execute both supported and 
unsupported modules within a process, and to be able to call 
Ae rernal procedure from 2 supported module without having 
to specifically declare the procedure to te Supported or 
unsupported. (This implies the linker must be able to 
differentiate Supported procedures from unsupported ones.) 


An implementation iS proposed waicn achieves trese goal. 


Meme tet INTERFACE MOTULES 

In an unsupported sutroutine, the linker should be 
Пи те шанси сага ог procedure interfece modvle. Two 
Separate modules are suggested since, besides the fact that 
uo vUnctsonse duffer. the data interface module must 
return the virtual ađdress of the external data to tke point 


13 For the purposes of this taesis, “supported” will be 
used when referring to ап environment in which the 
translator supports dynamic linxing while “unsupported” will 
be used to reference environments which lack this feature. 
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Of call while the procedure interface module rerely Executes 
the snapped ling Me Conceptually, ап interface mocule 
carries out those functions which, in a surrorted system, 
require some translator support. These functions include 
Папе the ~symtolic name table and the linkage tatle, 
mivokine the linker, and executing a snapped ling. 
Na kine of Procedures 

To best describe the functions of the precedure 
interface module, the steps to dynamically link the 
unsupported procedure <Target> to the unsuvported procedure 


M@agier> will be traced (fisure 1i). It will be assured that 


the procedure interface module is called as follows: 


CALL LINKSPROC(Target, parameter 1, parameter 2, . . . ) 

ПЕ Ро 0 21:00 20 M that <LINESPREC> would pesSorm 
would be to save the value of the interface linkage pointer 
шиг = о скаге stack. Because a trenslator which coes not 
Support dynamic linking would not know that the linkage 
Pointer register is uot available for general vse, in all 
probability object code produced would utilize the lirkaze 
ШЕПТЕР тесістег pequirine an interface linkaéee pointer te 


established and saved in software. (In a supported system 


ч) _х _хк а» а» ат» а» со 


14, 
This requires that two interface modules (one for 


procedures and one for data) be imnlementez cue to the fac 
that most higher level] languages have a different syntax for 
procedures which return argurents to the point cf call 
(verses those which do not). 
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saving the linkage pointer register is accomplished by the 
translated code.) This implies that there are two linkage 
pointers (viz., a hardware linkage pointer and an interface 
linkaze pointer), and both must be initialized to point to 
the beginning of the linkage table for <program> at process 
Па 1 2е лов. 11 should te noted that the last instruction 
of <LINXSPROC> must reset tre interface linkage pointer by 
ШОО the saved value off a software stack prior to 
returning to <Caller>. 

<LINKSPROC> will then check to see if an entry for 
„О гше exist in Caller.sym. If not, <LINESFROC> will erter 
<Target> in Caller.svm along with the offset of tne outgoing 
umor <Terget> іп Caller.link. <LINKSFRCC> is able to 
enter this offset because it has constructed ап outgoing 
Nunc for «Target» in tae next free location in Caller.linx. 
(The outgoing link for <Target> is of the same format found 
in а supported system linkage tatle.) Tnis outeoire link is 
executed and the linker is invoked. (These steps ensure the 
о пе same пупкег Тот both supported and unsupported 
linking since the method of linker invocation does not 
change.) 

эг е Pointed. out. t^at na? en entry for 
«Target? already existed, then <Target> would have elready 
been linked to <Caller> and <LINESPROC> would only have to 


execute the snapped link (which it can fired since tne offset 
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ле spapped ipPcomins lins in Caller.link is seve?’ іп 
Тег. ум. 

Once пе linker is called, it will first cetermine 
[mec 'areet> 15 a Supported or unsupported procedure. The 
ectual mechanism used to perform tnis checx will var 
depending on the operating System. One means of performire 
this check is to tag modules within the file system. Ап 
e date would be to tailor the first byte of à svevrportec 
module to identify it as such. (One must ensure waen using 
this method that an unsupported module cannot have the same 
bit pattern for its first byte.) In this thesis it will be 
ЕЕЕ Ше that the linker cen query the file system to 
determine whether a module (external object) is supoorted or 
pacc ne ability of the linker to en 12115, check 
allows an external reference within a Supported sutroutine 
to have the same format reeardléss of whether the externél 
object referenced is supported or not. This reverts having 
to modify and retranslate modules when an unsupported orject 
is retranslated in a Supported environment. 

When the linker determines taat Еа 1 
ШӘПӘРОРГЕП, ІП will cell or a rovtine in <IINKSFECC? to 
allocate a section of the combined linkage table tn te used 
as Ее. УМ and tarzet.linx. TRiS implies thet the next 


free location in the combined linkage table must te 


available to <LINKSPFOC> in addition to the linker ‘ar 
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КОЛЕ СГС пе linkage tables since <LINKSPROCG>D must №1114 the 
linkage table for an unSupported subroutine. Target.sym сап 
be located within Target.link (vice Target’s object code) 
merce the linker finds Target.sym via a io lean) in 
Parget.link (figure 12). Additionally, <LINKSFROC> will 
construct <Target>’s linkage address table entry and will 
initialize the header of Target.link. 
The linker needs to know whether <“Target> is 
Ao ted or not for one other important reason. krecution 
of <Target> is initiated via a jumo from <Caller’>.link to an 
Numine link in Target.link. The incoming link normally 
ЖЕБЕСІ ОР an instruction to set tne linxage pointer 
register to point to Target.linx followed by a jurp to 
<Target>. However, if <Target> is unsupported, it 15 the 
interface linkage pointer vice the linkage pointer register 
which must te set requiring the linker be etle to 
distineuish between Supported and unsupported external 
БЕССЕЦГЕс and Snap incoming 11055 accordingly. Thus tne 
unceuDDorted incorins link will be of the form: 
Interface Lirkage pointer = Base address of Target.linx 
Jump to <Target> 
Note that <LINESPPOC> is passed. not only tne 
symbolic name "Target", but also all of <Tarzget>’s 
parameters. This implies that <LINK5FROCD must be able to 


pass these parameters to <Target> in accordance witn tne 
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12101501 the translator which compiled <Térget>. 
ВИ тик це of Pata 

The sequence of events to link (the unsupperted 
object) <Lata> to <Caller> would be quite similar to those 
linking <Target>. Assuming «Data» had not yet teen 
menerenced by the executing process, the interface module 
<LINKSDATA> would build an outgoing link for «Tate? irm 
Caller.link and enter the symbolic name Leta’ in Caller.sym 
(as <LINKSPROC> does for <Tarzet>). 

The linker would then Те invoked anc, Poon 
determining <Data> to be unsupported, would call 
NEUE ODUTAD.OKLINESDATA» would construct a linkage tāble for 
«Рафа»; however, the construction of Tata.lirk would be 
РПА! since 1t corsist of only a linked list pointer ard a 
linkage table size/entry (figure Е). As will be discussed, 
unsupported objects cannot have multiple entry points; 
therefore. <Data> does not require a symtolic name tatle. 
Моше the construction of Data.link. the linker would 
snap the link between <Vata> and <Caller>. The srappec link 
NS situation would differ Somewhat іг that once 
КЕС БОШ tne link will te used ty <LINKSDATA> to ottain the 
virtual address of «Тата», <LINKSDATAD completes the 
reference to <Data> by returning <Гата>75 virtual address to 


Meno of call) Yn <Caller>. 
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р. 1 17171045 OF UNSUPPORTED LINZING 

ШИЕ ПЕ, ате four major disadvantages when linking in an 
unsupported environment. Three of these represent violations 
of desien criteria (as Specified in Table 1! while the 
поста, the inability to implement multiple entry points, is 
Шоо dered a limitation in the flexibility associated with a 
dynamic linking environment. | 

Цене го disadvantage iS that unsuprorted linking 
results in excessive overhead for subsequent references to 
an external object, as required by the limited overhead 
er ton. 1115 15 а direct result of the fact that the 
шия в ласе module must be invoxed for each external reference 
to perform those bookkeeping functions (such as ranipulatire 
the interface linkage pointer) which in a supported 
environment are performed by the trarslatec external 
reference and the snepped link. 

A second disadvantage is that an external vrocedure must 


DX тєг retore it can be passed to a subroutine as a 


3 


parameter. This contradicts the delayed binding criterio 


+ 
— 


Furthermore, to pass an external procedure as a parameter 
requires a third interface module. A third interface module 
is called for since <LINKSFROCD> can only link and irvoke 
external procedures whereas to pass a procedure as а 
parameter, it is necessary to have access to tre precedure’s 


virtual address. (In the case of an External procedure, it 
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15 КОО сг: to pass the virtual address o? the procedures 
ЕСТІЛЕ link vice the virtual address of the external 
procedure itself.) Therefore, the third interface module 
Will snap the link (in violation of the delayed binding 
criterion) and return the virtual address of the external 
meocedure 5 Outgoing link to the point of call. 


he 


ct 


The third disadvantage involves a violation of 
Ме с соптрааб!1тђу criterion for externsl data. Note 
ИСИ e utilization of external data iS limited to a (РІ/1 
or PL/M) based variatle structure since <IINZSTATE> can orly 
return the virtual address (of the external data) to tke 
pont of call. 

The final disadvantage is that multiple entry points 
Богт be implemented in an unsupported object. Since tae 
(translator constructed) symbolic name table is necessary to 
retain the entry name and entry oirt associated with аг 
access into an object, ап unsupported object can only be 


referenced at its conventional starting location. 


TE 





нан ot) SNE ANCE DYNAMIC LINE ING 
ee a ee 


Even though саге has been taken to develcp a dynamic 
Berker which 15 not dependent on tre availability of certain 
hardware features, there are hardware capabilities whicr are 
desirable in à dynamic linking environment. In general, 
these features сап be divided into two general Categories: 
those which effect the design of the linker; and these which 
Вс оп system performance. 

NN emphasized that the following ciscussicr is 
КЫ сеп е: with the idea that, if one is eoire to include 
dynamic linkxireg in a а has a croice of ргссе55ог5, 
бес соса 100: for certain hardware features which are 
desirable in a dynamic 11151102 environment. This section 


го not be viewec as a list of hardware supvort necessary 


for the feasible implemertaticn cf a dynamic linser. 


А. HARDWARE FEATUEES AFFECTING LINKER DESIGN 

All the hardware features discussed in tnis section 
eta te in some manner bow certain functions of a dynamic 
linxer must be implemented. However, tre first two features 
discussed (viz., indirect addressine and a hardware fault on 
indirection) are necessary to allow a linxer to fully meet 


the desien criteria of Table l. 
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токате то веестіоп and Faults cn Ineirection 

Шон 1051 part, has been assumed the linker 
was invoked (on tne first reference of an cbiect) via the 
аі теа code of the outgoing? link. Bowever, the most 
desirable method of linker invocation requires the processor 
to provide two hardware features: (1) The atility to 
meeerence data and call procédures using indirect eddressing 
through memory; and (2) the ability to generate a hardware 
Zee during indirection. 

When a hardware fault on indirection is available, 
references to external otjects are achieved via indirect 
addressing instructions where the final “target address” (in 
Bmesindireetion sequence) is stored in the outgoing linx of 
the executing procedures linxage table. The cutgoine lirx 
is initialized to cause а fault? (on indirectior) which 
Beeults іп the invocation of the lirxer аз the fault 
Madier. The linker snaps the outgoing link ty altering; the 
initialized Шар папса code to either te virtual 
address of the incoming link (for external procedure calls) 
Or the virtual address of the external data. (This 
represents the method used in Multics [11] .) 

(Део а fault on indirection, it is not apparent 
how to pass external data as a parameter witnout first 
Snapping the link to the data. This represents a violation 


of the delayed tindine criterion (cf Table 1; tecause the 
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штале о: а symbolic name to a virtual address has been 
performed prior to first reference. (Note that ever though 
ШШШ ега! дафа 15 passed as a parameter, it may not 
necessarily ђе referenced within the procedure. ?? ) 

ЕР лег Features influencing Linzer Implementation 

There are certain hardware features which do not 
КАР о. the implementation of а dynamic linker, but do 
effect certain aspects of the linker design. Two hardware 
features which are considered advantageous in а dynamic 
linking environment will be discussed. 

The first feature relates to the number of segments 
available in a process address ѕоасе. Моге specifically. if 
there are adequate segments (and each segment is cf 
reasonable size), then it may not Те necessary to frequertly 
execute tne unlinking portion of a dynamic linker. (Note 
по 111 їхїПпг is still necessary tecause segrents deleted 
from an address space 510414 te unlinked.) This is 
considered advantageous Since unlinking is considered one of 
ШЕ 07-20 expensive functions to execute. Note that if 
unlinxing is not implemented, segments can always be 


conserved by combinine Smaller objects into a Single Seprent 


Snesrerereneing each object via an entry point. 


15 ПЕ 15 Гтев 0 Judge how much of a limitation the 
absence of tnese two hardware features presents. Fewever, 
шоог (065 not consider it very prohibitive. 
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ПРИ о сосе produced by the translator 15 
subiect to tre hardware features available. In a dynamic 
linkine environment, some hardware features tend to simplify 
НО гс сопе produced, for an external refererce. For 
example, if hardware registers are automatically saved by 
the procedure CALL and RETURN conventions, then it is not 
necessary for the object code (during an external procecure 
call) to explicitly Save and reset the linkaee pointer. 
possess an indirect addressing CAIL instruction tut car only 


perform 


ERA RDIARE FEATURES AFFECTING SYSTEM PERFCZMANCE 

There exist hardware capabilities wnhicn ennarce system 
pen rormance in а A n environment IRESE 
capabilities do not directly effect the desier of the 
linker; but, because of the requirements dynamic linking 
places on the overating system (such as dynamic 
шешосатари гу of code), the inclusior of certain hardware 
features serves to improve overall system performarce. 

шог паше linxime Environment,  cuoroutinec «re not 
bound to virtual addresses (in a process address space) 
ШІСІ! гип time. Therefore, they must reside on secondary 
storage in a relocatable form and be dynamically relocated 
Curing process execution. Thus, tne more efficiently coce 
can be relocated, the better system performance (viz., 


execution speed) will be. This implies that hardware 


25 





relocatability of code is desiratle. 

A second hardware capability which enhances system 
performance is hardware segmentation. Even though tne linker 
design is not dependent on tne support of segmentation 
hardware, many of the attributes associated with procedure 
and data objects (which are logical entities, or segments), 
BEN o acto intrinsic to segmentation. These attributes 
include object (unique) (22711117 (viz., segment numbers) 
В ШО ject virtual addresses (viz., en object segment numter 
+ offset). It is therefore reasonable to corclude that 
segmentation hardware is desirable (but not essential) in a 


dynamic linking environment. 
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ГЕИ О ПАОЛА LON OF DYNAMIC LINZ ING 


Ро support therdesıien concepts of this thesis, 
and, in a sense, prove the feasibility of microcorputer 
dynamic linking, a subset of the dynamic linker design (not 
including unlinking) was implemented on an Intel ЕФЕС based 
system. The &28@ microprocessor [18] was selected because of 
meee lack of Hardware Support, a fact which supported the 
contention that the linker design is hardware indeperdent. 

The implementation consisted of five modules: (11 а 
process initialization module, (2) the dynamic 1ігхег 
module, (3) the address space manazer, (4) a display linkage 
table routine, and (5) a package of system library routines. 
ее ог these modules (process initialization, the dvnemic 
linker, and the address space manager) will be discussed in 
detail. The €ispidy linkage table routine was ircluced in 
the implementation Sie tay to add ac lear) ty tO meee 
demonstratien and will rot te discussed in detail. (Source 
ШЕТ the display linkage table routine anc tre 
system library routines are provided in appendix (Ej fcr the 
interested reader.) 

The implementaticn of the àyramvic linxer ran on the CP/M 
operating system [21]. Tre hardware support included two 
E py disa тез апа SSK of rein memory. 


Modules were written in FL/M-S? [22] and compilec under the 
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Isis-II cperating system [19]. 

(It should te noted at this time thet tecause го 
translator which supported dynamic linxine was available, 
test programs were hand compiled to produce the necessary 
есь code, Symbolic name tables, and lingage table 


templates.) 


ии S 4ODULSS Os TES DYNAMIC LINCER 

The three major modules of the linzxer were the process 
МИ а 1: завјопл module, the (dynemic) linker module, and the 
address space menager. Eriefly, these modules perforr tne 


Soto ins functions! 


Process Initialization is passed the argumert 'rroaram 
пате“ and performs the following: 
МӘС Е е гапе ое тле program to be eXecutec from 
tne command tine. 


2. Causes the lirker module ane the address space 
папа заг to be initialized. 


Z. Causes the address space menager to (1) enter tne 
program in the process address space and (2) load the 
Ош гат Into memory. 


4, Causes the linker moaàüule tc build a lirage table tor 
fie ргоегат. 


© 


БЭ ш е interrupt баглјег. ТЕ 1 
Неа лете Dy initialized outzoi ne li 
ле ес ие Linzer module. 


> 1 
3 ~ 


КОШ ОТ еШ е DrOfrar in execution. 
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LN es play togele was set (iu the command lire), 
causes the process reference table ance сотђјгеа 11пКәге 
table to be displayed following completion cf  proeram 
execution. 


The linker module 15 invoxed (ty the fault handler) 
with the arguments “linkage pointer” and  *symtolic name 
offset” (in the symtolic паге tatle) and performs the 


mollowinz: 


сг сАГаСЇёт strirewneme associated with 
the external reference from the callirg procedure 's 
symbolic name table. 


2. Invokes the address space manefer passing as en 
argument the symtolic name of the external otject (to be 
linked). 


5. Builds a linkage table fer the erternal object (if 
necessary). 


4. Extracts the data associated with the entry prame 
fiele (cf the external reference) from the external 
ОО ЄС 5 Symbolic name table. 

5. Snaps the outgoing and (if required) incoming lin*s. 


Е Саме the snapped cutgcing link to Те executec by 
returning the address of the outeeine link to the 


* 


оно Тег. те Interrent heraler then jumps то 
tne outgoing ling. 
The Address Space Manager consists of two sutrodules. 
ASM5Make5Accessatrle is invoked with the argument "syrtelic 
name” (of an object) and performs the followire: 


~ 


NS ines if the otject 1s alreedy in the croress 
ames расе. 


22 





НЕТ loads the obgect into memory (cerfornineg a 
relocation if the cbject is executable code) and makes 
Poe tortie ObJECT in the process reference tatie. 


ог 211157 to the point of call the urique idertifie 
and base address (viz., E£E€ “virtual address’) of th 
ОО ӨС. 


ASMSReamovesSez is invoked with the argument “symbolic 
name’ and verforms the following: 1. Reroves an otject 
^c 


шоог а process address space by deleting the object 
entry in the process reference table. 


(D tue 


The implementation of each of these modules will row be 


(A 


reviewed ШІП detail. The discussion will по иде 


(9 


ES nentctron detalls dictated by the 85222 hardware аж 
CP/M operating system support utilized. 
ieee госезо Initialization 
The linker implementation was call “Exes” and was 


invoked ty the CP/” command line 


A>Exec prosram_name $<cr> 


m 


В Ипсос сп оғ process initializaticn was tC scan tse 
command line to determine the name of the proeram (viz., 
поа папе tO Бе executed. This was performed ty the 
PFADSCOMMANTSLINE subroutine which read the CP/M buffer to 
extract the Dpocpem кате. Adcitiorally, 1: tre last 
character of the command line wes “$ (wnich is optional), 


the display toeele was set telline process initialization то 


иг process reference  tatle and comtine?^ lirkra«e 
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mele following the completicr of Dace Car execution. 


„4 
(D 
Ф. 


ФУ 


won tionally, sirce а vrozram is e ОЗШЕ сео 


O 
~ 4 


REATSCOMMANDSLINE assumes Рог tne program e CP/M filetvpe oí 


там” 16 


Process initialization tnen calls on the sutrovtines 
Meera LIZSsASM anc INITIALIZES LINKZER which iritialize the 
Ес space manerer and lirzer modules respectively. 
hosp two subroutines are a part of 
ЕЕЕ ИЕ дпа will be discussed in detail with the parent 
module.) | 

(СОО ШОО Ос леа the Sadcress "Safe manager ani 
linker годије, process initialization then erters pe 
program in the process address space enc builds it a linkage 


AMM The program is entered іп the address Space ty 


Сат па от ASMSMAKESACCESSADLIS (passing program пете as an 


arzument.! ASMSMAKESACCESSABI® ENG We aks to тЫ есе 
Оп та11хтаї1оһп the unique idertifier and base andress 


ЕЕ ned to the prosram. (1t should te noted that teceuse 
ле есеа does not provide nardware segmentatiorn, іт was 


ПО ноге а питане identifier ana tase address іг 


_ (ЕК ОШО ОЛ ее а Tiletyme field to cistireui 
ШЕШЕ (265 of files (от Aisk storase). Tne fi 
utilized by the linker implementation were (1) Су“ - 
of executable code: (2) DTA - ат деца 
linkage table template file; and (4) RI 
mebocetion bits for a COM file. 


81 





Пло 7ле солест seement number.) Frocess initialization 
then cálls on an entry point into the linker rodule (viz.. 
the subroutine Pine holes о с 201145 = 
linkaze table for the program. 

ыле те ког. ог ргосез5 initialization 15 то 
БЕН: tne interrupt vector. It was decided to invove the 
Ши ег (when snarpine a link) via a software fault. This 
technique allowed initialized ош ево lings їо be 
independent of the linker address by navire the outecings 


link jump (via a software fault) to a preieterriced location 


which then invoked the linker. (The software fault used wes 


D 


w LOT A instruction which saves the current execution 
О the Stack anc jumps to tre.interrupt vector at 
location 2£F.) 

ше tE TUpL vector first removes the rerurn 
ӘН ШПЕ55 placed on the stack by the RST 4 instruction. This 
address represents the address at the end cf tne outgcirg 
links дере вен 15 snapped 17 16 сез1гед го јутра 50 
the beginnirg of the си ес те link (to reference the 
Hu OPject). Tne next instruction of the interrupt 
vector calls the linker module passire to it the lintege 
pointer (the ЕРВЕ ? and C register pair) end the offset (in 
the svmbolic name table) of the entry for the object to be 


linxed. (The symtolic name table offset is loaded in the I 
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and 3 Mess ter pair ту the initialized outeoine lirz.) Wher 
ШЕ пкегт module has completed execution it returns tne 
рез of the outgoing link to the interrupt vector (in the 
hardware Н and L register pair). The interrupt vector then 
pops anv arguments initially vassed (by the caller) tc the 
external object into the D and E register peir апа 100205 to 
the outeoine link. (Tre D and E register pair is used то 
nass шигтгээ or pointers to e list of  ergumerts  Letween 
external objects.) 

Jas process initialization loads the initial 
ИШЕ ОТ (ле linkage pointer into the E and C resister pair 
and invokes the proeram to be executed. These two functions 
are performed by the subroutine EXEZCUTE. 

wee Tanker Module 

The linker module was initially written in а tien 
level pseudocode (éppendtr (A)) and then translated into 
МЕЙ 2800 This permitted an orderly approach to the 
implementation of tne dynamic linker mocdvle. The linker 
ШІШЕШЕ consisted of five major Subroutines and a control 
routine. The logical 211 between linker svhrovtines is 
given in Рјгџте 15. 

As has been noted the linker module (і.е.. the 
Eu О Но ле LINKER) was invoked ty the interrupt vector. 


LINKER first calls on ACCESSS$SYMEOLICSNAMESDATA passiner as 
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Са штенке the linkage pointer and the symbolic name offset. 
EMUNSSSSYMEOLICSNAMESDATA utilizes the linkage pointer to 
address the linkage table of the calling procedure (which 
ЖЕН Бе referred to as <Caller>) and extracts the adéress of 
Caller.sym. The entry of the external reference (viz., 
auemeet; entry #1>) is then computed р ра Cale at ewes Vim bo L1C 
name offset to the eddress of Caller.sym. 

ACCESSSSYMEOLICSNAMFSDATA can now extract (from the 
symbolic name table) the symbolic name Target , the entry 
name "Entry #1”, the offset of <Target|Entry_+*1>"s cutgoing 
ШЕТ Caller.1ink), and <Tareet> 's type (i.e., procedure 
or data). ACCESSSSYMEOIICSNAMZESDATA will compute the address 
of XTarget|Entry £15's outgoing link (ty adding the outeoine 
link offset to the base of Caller.link). Next it will set 
ВЕСОМ Tiletvpe for <Target> (viz., “COM” for procedures 
and “DTA” for data) in the symbolic name trffer. (The 
Symbolic name buffer stores the filename and filetype of the 
object being linxed in a Stvendemerzed faces The 
standardized format is of the form “FILENAME.FILETYPR”. Thus 
if <farget> was a procedure, the symtolic name tuffer woule 
unta ле entry TARGET.COM’. } 

LINKER can now call on the address space  mereger 
(ASMSMAFESACCESSAPLE? to learn the segment number (i.e.. tne 


Пише сеп ет and base address) of <Target>. Cnce LINNSE 
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knows <Tarzet>’s segment number data, lt will invcke the 
subroutine LINKAGESTAELESEOUTINES. 

LINKAGESTAELESROUTINES determines if a lingage table 
already exist for <Tarzet> by checking the valid ertry bit 
of the linkage address table entry for СТаггеђ>. (Реса11 
that the unique identifier of an otject is usec as a 
Subscript into the linkage address table to access tne base 
address of the objects linrage table.) If Target.link does 
Diet exist, LINKAGESTABLESROUTINES will invoke 
BYILPSORJECTSLINE to construct a linkage table for “Tar«set> 
and will update Target>’s entry in the linxags address 
table. Otherwise, LINEAGZSTABLESOROUTINES merely returns а 
pointer (the parameter NEWSLINKSPT7Z) to point to 
Target.linkx. 

EUILTSORTECTSLINK first causes the address space 
manager to enter <Target>’s linkage table template in tne 
пи ош асагесо space. It does this by сегрега! пе 12 tne 
program name («Target») the CF/M filetyre cf “ТУР”, (Тог 
СЕЕ EC TPapeet^ were ¢ procedure, the executable code 
would exist in the file TAAGET.COM wanile <Tarzet\ s template 
is іп the file TARGET.TMP.) Once the template is leade? inte 


memory, BPUILISOEJECTHLINK first computes the address 27 


£1 
$ 


Tareet.sym. 





Recall that for ea procedure, the symboli” name tatle 
пио паса то the end of tbe object code. Thus, the address 
of the symbolic name table for procedures 15 computed by 
adding the offset of the symbolic name table (fcund in tne 
Bemplate) to the base address of the object. For data, the 
symbolic name table iS a part of the linkage table and its 
address is computed tv addirg tne symbolic name table offset 
to the data object’s linkage table base address. 

ЕЛИ Doom SCTSLINE then enters tne (computed) 
Symbolic name table address, the linxage tatle size, ard the 
body of the linkage table in the combinec linkage table as 
Tarzet.link. (The combined linkage table was a statically 
allocated 1K block of memory.) BUIIDSCEJECTSLINE then 
removes the template from the DESIZESS смесе Space 
by invoking ASMSPEMOTESS SG (an address space manager 
Toutine ыГГ 


Now that  Target.linx exist, the linker module car 


find Target.sym (via a pointer in Target.link’s header) and 


17 The decision to build linkage tables in tnis manner was 
driven by an effort to simulate the mechanisms which would 
occur if hardware segmentation were available. To create 
Target.link in a Seemerted system, it would be necessary te 
Make a copy of the (pure and sharatle) template. Eowever, in 
this implerentatior, since tne disk copy of a terplate 
remains pure, the process copy (as introduced. by the address 
Space maneger) could nave just as easily served as the 
1 паве table without recopving it inte tne combired lirraze 
table. (Note that this approach would eliminete the need for 
а statically allocated combined linkéegre table.) 
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access the data associated wita entry name. The rcutine 
ACCESSSENT3YSNAMESDATA does this by Searching Target.sym 
with the areumert “Entry_#1°. Recall that the symbclic name 
table entry for an entry name includes the incoming link 
ЕЕ апа the entry point (of Entry #1 into <Target>). Thus 
Папе: пе incoming link offset to the base acdress of 
MENS. link, tie incoming linx address сап ће сстошђес. 
Additionally, the entry point (offset) plus the bese address 
of <Target> is the target address referenced by the symtolic 
ПЕШТЕ Target lEntry #1". 

cn formation necessary to Snap the lin is 
now available and LINKER Calls on the subroutine 
SNAPSTHESLINKS to perform this Био ле не final 
Gmemoutine of the linker module is INITIALIZESLINK sa which 
is invokes by process initialization.  INITIALIZZSLINZEP 
initializes various pointers (used ty the linker rocule) and 
Bresverıia entry bits of the 12112265 5421 dod Be sig) a cee ММ 
Меше го process initialization the address of LIWHE? (for 
use in the interrupt vector), the address of the linkage 
address table (which is passed as a varameter to the display 
linkage table routine), and the base address of the combined 
linkage table (which is used in EXZCUTE to initialize tne 


linkage pointer). 
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5. The Address Space Manager Module 





Because the CP/M operatire system lacked any memory 
management executive, it was necessary for the address Srace 
eA er to perform functions which would usually te provided 
by the operating system. Thus the address space manager had 
to be able to load objects into free memory and relocate 
executable code. These functions were carried cut by the 
subroutines LOAESOEJECT and RELOCATE respectively. Tre 
implementation of the two БЕО Цео was extremely 
рт те providing only the minimum support necessary to 
allow the implementation of tne Temainder of tne ассге55 
Space manager (and will not Те discussed in any further 
detail). 

like the dynamic linker module, the address Space 
manager was first written in vseudocodge (appendix (A)) and 
translated into PL/M-&¢. It centers around the managing of 
the process reference table which is implemented es an array 


2 08-1120010Ггё5 of the form: 


Process Reference Table : ARRAY of STRICTURES of 
Valid ritr: EDO TAS e 
Name : ARRAY of CEASACTERS; 
hace address : ATERESS) 
END; 


Дре ла а о field was set to “valid” if the entry 
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meee sented dni object in the process address space. The tame 
field contained the object name in Standardized form  'e.e., 
CALLE®.COM) while the tase address is the location (in 
memory) where the object was loaded. Note 4150 that an 
objects unique identifier represents an implied process 
reference table field and corresponded to the sutscript of 
the objects entry in the process reference table. 

When ASMSMAKESACCESSABLE is invoked, it is passed 
the object name (in standard form) as an argument. 
ASMSMAKESACCESSAELE first searches tne rrocess reference 
mee tO determine if <Target> already has ап entry 
(implying <Tarzet> is already in the process address spare). 
Pee not, ICABSOBJECT is invoked to load <Target> into memory 
returning the base address of <Tarzet> to the poirt of call. 
ASMSMAXESACCISSAELE tnen enters «Target»? in the process 
reference table in the first free entry. The finel function 
of ASMSMAKESACCESSABIE is to return the base ardress and 
unique identifier (viz., the process reference table 
Secunia) of «Target» to the point of call. 

The subroutine ASMSREMOVESSEG is passed ar otject 
name (in standard form) and deletes the object frem the 
process address space by setting the object' s velid tit in 


the process reference table to “invalid”. 
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Е погошке ле inceluced in the address space 
manager меге DISPIAYSPRT which displayed the process 
reference table (and is not necessary in a dynamic linker 
implementation) and INITIALIZESASM. INITIALIZESASM is 
invoked by process initialization fas is DISPIAYSPRT) and 
initializes the valid_bits of the process reference table to 
“invalid”. Additionally it statically sets the size of the 
process reference table (which was arbitrarily set to 16 
entries) and initializes а free memory pointer for the 


LOADSORTECT subroutine. 
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ИО TEST PROGRAMS 


Шог 0502 programs were Trui оп the dynaric linker. Trke 
first, DEMO, computed and displaved (in hexadecimal form) 
the multiplication and addition tables (witn appropriate 
headers for the numters from @ to 15. The second test 
Пи о ша деда, тле elements of an external date array 
and displayed the result in heradeciral 1011 wa 
demonstrated all the capabilities desired of dyramicälly 
ПИ сеа ос јесте. Sum was included to provide a Simple example 
ШЕР КІ!!! Бе explained in detail. 


a 


1. 


З 


Зее го егат Construction 

Refore discussing ier ез стап 202 016ёг,21 1- 
ШӘРІП! to explain the mechanics used in their construction. 
First, because a translator which supported dynamic linking 
was rot available, it was necessary to hand assemble  tnose 
В гэг tie test programs unique to dynamic linzing. 
These included translated external references, syrbolic name 
tables, and linxage table templates 18. All test prograr 


source 11511095 and program test results are ircluded in 


appendix (C). 


18 ИШ о послате. оса ње templetes, syrzolic папе 
tables, and relocation bits (for executable code) were 
written in 26252 assembly code and assemtleä usine tne 
Digital Research EEE Assembler [17]. 
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а. The Assembled Symbolic Nare Table 
The symbolic nare table of an object сап te 
found (in the source listings) at the end of either tne 
object code (for procedures) or in the linkage table 
template (for data). Eacn entry іп the symbolic name table 
Asist of four field. For clarity. each field was preceded 


by a label. Entries were of the following form: 


DESCn : DB byte.1 P? 

ШИК 705 low yyte, hlgn byte 

EINE DS low byte, hien byte 

NAMEn : DB “ОЕСЕСТ МАМЕ:ЕМТЕҮ МАМЕ” ог 'ENTEY NAMZ" 


DESCn represents the entry descriptor (of the nth symbolic 
name table entry). The most significant bit of byte 1 
indicated the object type (viz., @ for procedures and 1 for 
data). The five least significent bits of tyte_1 contained 
the number of characters in the name field. The remaining 
two bits of DESCn were unused. 


LINXn is the offset of the entry's outeoire cr 
20 


The 


incoming link in the parent object’s linkage table. 


ENTRYn field is an entry point offset in the parent object 


ш DB is an assembler pSeudo-operator that tells the 
БЕЛЕТ that the rest of the line represents date. Гађа 
not surrounded by single quotes is translated es a rurerical 
ele Дата in quotes iS an ASCII character string. 

— In the 2486, two byte values are stored in memory with 
the low byte in the lower numbered memory location. Thus tire 
number 1€22H would appear as 205, 12E when used in a OF 
ШЕШЕН 
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mesociated with some entry name. For an external reference, 
руте апе high tyte of this field were arbitrarily set to 
zero. 

Тре NAMEN field кеа tne symbolic name 
meeocciated with the entry. This field contained either ап 
entry name (e.g., ENTRY #1), ог the name of an external 
reference (e.g., OBJECT NAME:ENTRY NAME). For the NAME field 
of an external reference, the “ЕМТЕҮ МАМЕ” portion is 
оца. when left out, it implies that the entry Lame to 
be used is the same as the object name. For example, the 
procedure MULT has an entry point ty the same nare but 
appears as ‘MULT’ in ГЕМО”5 symbolic name tele (vice 
ESIT:MULT'). 

b. The Assembled Template 
The linkage table template was constructed as 


assembled code. Templates were of the form: 


СИЕ DE tow byte, птеп byte 

сити ОВ Low byte, high byte 

мо гэ 020 27002700, Cc, Le, CL (incoming link) 
PUSH D (ПОЛА а пе En > 
Пн О Sam bolic name table ofÍset 
RST 4 


The SIZE field contains the number cf bytes іп 
ог: рл е SGNDeerepresents the offset (1.€., numter of 
bytes) of the symbolic name table from the  beeinnine of 


either a procedure segment or a data segment’s templete. 
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ШЕ ШІМ 07 а template contains two types of 
meres, ог ап incoming link, the template merely reserves 
Six bytes (initialized to @) in the combined linkage table 
in which the snapped incoming link will eventually be 
feeds | An outgoing link consist of three assembly code 
instructions. The first instruction (PUSH р) saves the 
argurent register (viz., the D and © register pair) prior to 
loading tnat register with the symbolic name table offset of 
the external object to be linxed. The third outeoin> link 
instruction (8ST 4) causes a software fault resulting in tne 
mapmecation of the linker via the interrupt vector. 

с. Other Problems in Test Program Construction 

Because the EE microprocessor does not have en 
ШО ес addressing CALL instruction, the transfer of 
control to ап outgoing link (ty the Executing ргоседуге) 
deserves explanatior. Recall that it is desired to perform 


the following: 
CALL (Lp * outeoine link offset) 


To achieve this in 8080 code, the following sequence of 


instructions was used: 


POU HTE 
LXI H, return address 
РОН ОВ 
IU outzolns. lior offset 
DAD £ 
РЕН 
ме те$5 : РОР в 
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The first instruction (PUSH 3) saves tae linkage 
Mater, The next two instructions save the return address 
(which is normally done automatically ty a CALL 
instruction). The E end L register pair is then loaded with 
m outzoing lirk offset and added to the £ end C resister 
pair (viz., the linkage pointer) by the ГАГ E instruction. 
DAD В adds the Е and C registers to the E and I reeisters 
and leaves the result in tne H and I registers. Tne value 
“Lp + outgoing link offset’ is in now jumped to by the SCHL 
instruction (which transfers control to the address stored 
in the E and L registers). The final instruction (POP E) 
restores the linzage pointer upon returr from the external 
procedure. 

Very Ier a relocatior bits file was 


constructed by hand and was of the followine forr: 


шог ОВЕ ок Буте, hlgh byte 
10100 :108 їпагу пиг ег 1, binary number 2 


ОЕШ О field represents the number of bytes іп the 
relocation bits file. The remainder (of the file) consisted 
of two binary numbers preceded by а label sucn as I€1¢2 
(where #2166 corresponds to an address in the procedure 


object code listing). A “0” in a binary number corresponds 


P d ғ 


эн пол _гејосаска је byte of object code. A 1 identifies 


the byte as the first of a two byte relocatable address. 
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пе .езђ Ргоггат DEMO 

The address space of DEMO included four otjects: (1) 
the procedure segment TEMO(nstration); (2) tne procedure 
segment  MUIT(iply) wnich included the entry point “MUIT’; 
(3) the procedure segment DISPLY Wie ес еи Е entry 
points “HEX VALUE” and “BUFFER”; (4) and the data Seerent 
HEADER waich included the entry points НЕАГЕН and ’TITIE’, 

As has teen noted, TEMO computed ard displayed the 
(hexidecimal) multiplication and addition tables for tne 
ааг throuech 15. The construction of each table was 
performed by the internal (to DEMO) procedure tuild table 
which is passed a subroutine as a parameter (viz., AIL, ап 
internal procedure, and MUIT, an external procedure). ADD 
and MULT are passed (by 3uild _teble) e number taat is 
qaced/multinlied шеттеп 15: Tne result of the 
computation is displayed by invoxing the external ¡procedure 
DISPLY.nsXx VALUE. Thus to build a hexacecimel table 
Build table simply invokes either ADD or MULT Sixteen times 
ро а а parameter the values from 2 to 15. 

Before 21102112 а table. DEMO displays an 
o pr iate meadine. 1t does this by dynamically linzing to 
BEL 05078011  ESsADER,  inseptine the apjrooriate title 
CIL ПОТЪР ТР ОАТТОМ or ADDITION) at the entry point 


Poovetet libs. and taen displaying ABADER bv passing it as an 
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EU 
~ 


Ep-ument to the externe]! procedure DISPLY.EUFFIR. 
emesayroamic lifazaing which takes place during the 
execution of ГЕМО is given in figure 14, DEMO includes 
examples of all the various capabilities (of external 
mye cts) desired in a dynamic linking environment including: 
(1) The ability to dynamically link and execute external 
procedyres--DEMO dynamically links to and invokes LISPIY. 


(2) The ability to reference external data--DEMO links to 
and references HEATER. 


(3) The ability to pass external objects as 
вые --НЕАГЕЛ and MULT are passed to BISPLY and 
Build table respectively. 


(4) The ability of an external object to eneage in dynamic 
РЕКЕ ИИТ dynamically links to DISPLY.EBX VALUE. 


(5) The implementation of entry poirts in otjects--DISPLY 
КИТА ога sre referenced via entry points. 
3. The Test Program SUM 
BiGmproceaine SUM was included to allow е complete 
and comprehensive discussion of the concents presentec in 
this thesis. SUM itself is rather Simple. It dynamically 
links to the external data segment ARRAY and surs the (data) 
КОО 1117: The results are displayed by dynamicelly 
binking to DISPLY.HEX VALUE (passine the sum of ARRAY’s 
bytes as an argument). DISPLY.BUFFER is also invoke? to 
display appropriate messages along with the computation 


result. 
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DEMO(nstration) 


» 








MULT(iply) 


КӨП ТУ points 


DISPELI 








шиити полите EUIS 
How TALJE 


¿a : Dynemic link 


DYNAMIC LINKING IN DEMO 


FIGURE 14 
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Ber endoceodezeiistine of SUM is given in figure 15 
while figure 16 presents а representative assembly code 
mrenslation of SUM. The assembly code used is not associated 
ШОШО particular microprocessor, but is considered within 
писара 1: ф1е5 of most microprocessor instruction sets. 
eemol y instruction used which may cause confusion 15 
LDPARAM (viz., load parameter register). This instruction is 
simply a register load but tne pneumonic ILFA2^4M is offered 
to signify the passing of arguments to an external 
procedure. (Note that the dynaric linker demonstration 
implementation uses the D and 5 register pair Рог this 
purpose.) 

The combined linkage table for SJM is shown in 
figure 17. (The figure does not include ARRAY.link or a link 
for DISFLY. BUFFER). The linkage table for SUM includes ап 
incoming link (entry #1) which would be used if SUM were 
referenced as an external object. Entry #2 is the outgoing 
lu гот SUM to ARRAY while  5Zntrv #4 represents tne 
оне Link from SUM to DISPII.EEX VALUS. 

When the цоо ОДО не же о SUM are snapped, the 
unlinking data is included in the Snapped link and includes 
the symtolic name table offset of APRAY and DISPIY. FRX VALUE 
(in SUM.sym) respectively and the appropriate linked list 
pointers. Unlinking linked lists are implemented as circular 


IE GNE Thus the linked list for DISPLY starting with 
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EESOCEPUSE Sum; 


2 Sum edas emey eS or the External data- structure 
meray апа tren calls on the external procedure 
Mp to output the result. */ 


Poel Ars Sum ENTRY FOINT; 
Array DATA EYTEENAI; 
Disply PROCEDURE EXTERNAL; 


result : BYTE; 

аат potter : POINTER: 

бана патке =) а array pointer STRUCTURE of 
number of bytes : EYTE; 
data : ARRAY of BYTES; 
END; 


195: BITE; 
/* end of declarations */ 


array pointer - address cf array; 
result = с; 


FOR i = 1 to data array.number of bytes; 
result = result + data array.data (i); 
ENDFOR; 


CALL disply.buffer (“The sum of tre data array is 7, 6”; 
CALL disply.hex buffer (result); 


/ 


/* generate a carriege return and line feed *, 


CALL disply.bvffer (CR, LF 
CALL disply.buffer (“Eng o 
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the header entry (in DISPIY.link) goes from offset 17Е to 
CCE (the Snapped outzoine link Brom. Sun to 
DISPIY.HEX VALUE). The linked list pointer at ZDE (in 
SUM.link) points to DISFIY's linkage address table entry 
ЕСІ 110 tuen points to DISPIY.link (viz., DISPLIY.link 5 
ШО ег which contains the first node of DISPIY s linked 
EN. 
пена ееш у code for SWM, “ARRAY, and 215Е11 is 
included in appendix (C) along with the output generated by 
SUM, the process reference table, and the combined linzáge 
table also. The process reference table and comtined lirxage 
table are annotated to provide additional clarification. 
4. Observations on the Implerentation 
á. Size of the Dynamic linker implementetion 
The dynamic linker including the display linkage 
table and display process reference tatle routines was 2320 
bytes in length. This includes 1K bytes of memory statically 
allocated to the combined linkage table and 156 bytes 
reserved for the hardware stack. (It should be noted that 
additional memory was allocated to the PL/“-&¢ stack Seement 
to prevent stack overflow during test ргсегат execution. 
This was necessary since the PL/M-28 Mackie allocated 
based on the needs of the dynamic linxer and does not take 
ШЕГЕСІ ӘСЕ оретатісп5 бопе by other procedures in e 


process.) It is emphasized that no effort was make to 
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Optimize the object code. Instead, the dynamic linker was 
written to be as clear and obvious as possible. 

The dynamic linker was also compiled without the 
display linkage table and display process reference table 
routines (which were included for the purposes of the 
demonstration only). This edition of tne linker was 6272 
Peres іп length. It 15 estimated that a complete (i.e., 
including unlinking) and optimized implementation ‘ог the 
nario linker should require about "7202 bytes of otject 
code. It is noted that error conditions were not checked for 
by the dvnamic linker. However, since there are essentially 
EN NLwo error conditions which could occur, 1% is felt that 
the size estimate for a dynamic linker is still valid. The 
error conditions which may occur are (1) a reference is made 
to a non-existant entry point (References to non-existant 
files are flagged by the litrary routines.), énd (2) The 
Statically allocated 1K combined linkage table is 
overflowed. Sucn problems as running out cf free memory or 
process reference tatle entries are handled by the vnlinker. 

b. Overhead Associated with Snapped Links 

Орцон ог the) Major Sdreuments zagaiıst dynamic 
linking is the issue of overhead associated with snapped 
БН Есте Ба пе this must besre, lt is otserved that 
the cost cf dynamic linking associated with snapping a link 


(i.e., the first reference of an external object) is on the 
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ЕРЕСЕТ ОР tie cverhead required fo statically link the Same 
object. 

With respect to snapped procedure linxs, the 
overhead (associated with the linxer implementation) lies in 
two areas. First, the linkage pointer must be updated to 
always indicate the executing procedvre's linkage table. 
Thus the linkage pointer must be saved and restored for each 
external procedure reference, which requires an additionel 
two instructions. Additionally tne linkage pointer is set tc 
point to the (dynemically linked) external procedure ty тле 
1260 incoming link, which requires a third instruction. 
Secondly, the execution ВО ое [Tom the calling 
procedure tc the external procedure via the snapped outeoine 
алое тисоттпе links. This requires two jump instructions not 
needed for internal procedure calls thereby tbringine the 
uuu o yernead to five instructions. It ís noted that the 


extensive code necessary in invoke an external object’s 


г 
к 


(1) 


ое Link 15 considered a limitation с? tne 56 
(tecause of the lack of an 2£Sf€ indirect call instruction! 
and is not considered overhead induced by dynamic linkine. 
Recall that to reference external déta (vie the 
outgoing link) a call to the outgoing link is verformred, the 
virtual address of the data is loaded in a pointer, and a 
return instruction (to the calline procedure) 15 executed. 


Since internal data is essentielly refererced by loading а 
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pointer with the address of tne (internal) data, the 
overhead associated with dynamic linxing (for data) is 


щати тей to a CALL and RETUEN instruction. 
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VWivithee GONCLUS LONS 


(с ОП toe research supported in this thesis it is 
reasonable to assert that dynamic linking is feasible in a 
microcomputer environment. Почеуег, siven that the linker 
design 15 implementable оп microprocessors. it can be 
asserted that dynamic linking does not require the support 
of specialized hardware and thus can be feasibly implemented 
on most general purpose computers (including miricomputers 
and main frames). The overhead is within reeson and can be 
far outweighed by the derived benefits. It has been implied 
(9, 13, 14] that dynamic linking requires the support of 
specialized hardware. It is felt that the major contritution 


we iS thesis is to dispell that notion. 
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APPENDIX A - PSEUDOCODE 


EXECUTIVE Linker; 


/* 
Hro ene on Of variables and constants 


рани е стар entry name buffer 15 а strirg variable 
where the entry пате associated with an external 
reference is stored once the entry name has teen 
extracted from the calling procedure’s symbolic name 
table. 


Fixed Sn offset - The fixed symtolic name cffset is a 
constant which represents the number of bytes in 
Ин согог о: а уто с папе table entry that 
пое е магу in ізге (т.е... "tne descriptor, link 
с зе anl entry poiat): 


cable — Thè free linkage table varlatle is 
the next free location in the combined linkage tatle 
where new (object) linkage tables zan be 
constructed. 


address he incopine link address is the 
ШЕН! аййтевә ОП the  inconine link for the 
<external procedurejentry_name> teing linked. 


И ОП Иен КП the incoming link Structure represents 
стае Of ап incoming 1104. Incoming link is 
based at the incoming link address. 


Шы пле pur - The linkege pointer. 


Linkage array - Linkage array is a linkage table 
Meu are tased at tne linkage pointer. 


New link ptr - Tne new linkage poirter is assignec tne 
value of the linkage pointer of the external object 
being linked. 


New link table = Тре пен linzage table is a linkage 
tatle structure (of the external object Фесіп 
linked) tased at the new linkage pointer. 


Object see number - Object segment number 15 the 
segment number assigned to the externel object teine 
linked. 
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Object type - Object type represents whether the 
биво о јест беја linked is a procedure or data. 


шиш desse oUutseolng link address 15 the 
ШЕШІ "8102655 07 the outeoinz link assisned to the 
<external objectientry_name> being linked. 


Outgoing link — Тһе оцї{гО1Їйт ок tased а: the 
outgoing link address. 


с оре ети ІНЕ sSymoolic паше buffer 15 a string 
variable where the Symbolic name of the external 
ВЕ ено оте овсе оде symbolic name has teen 
ү еа from the calling procedure's symbolic name 
роден, 


По = Ine Symoolic name address is a pointer 
into a symbolic name table. 


En упа пате item 1S a Structure tased at 
the symbclic name address and represents an entry in 
a symbolic name table. 


ПИО ас еле ss ymbolto name offset is the parameter 
passed the linker and is the offset into the calling 
procedures Symbolic name table of the external 
reference to be linked. 


Ре ен е с ООО mame 5126 is the nurber of 
character in an Xexternal reference|entry rame? as 
Моша in a symbolic name table entry. 


Sn Size mask — The symbolic name size mask is used то 
extract the шээг ое лапе from е 
descriptor in the symbolic name tatle of the calling 
procedure. 


na TIHhessvmbollc o type masz extracts the 
type of an external reference (i.e., rrocedure or 
data) from the descriptor. . 


Шо е Е Те target address 15 the ultimate 


virtual address in an external object which the 
и procedure Seeks to reference. 
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ENS inter = The template segmert nurber is 
the segment number assienei to the linkage table 
template when it is entered in а process address 
Space. 


Template - Template is a linkage table  terplate 
structure based at template segment number. 


type data = Type data 1S a constant which is used to 
identify external data objects. 


Type procedure - Туре identifies external procedure 
Procedure 00168605. 


/* end of variable explenations */ 


мо рата шог олишесј ага оп tvpes */ 


ADDRESS - a virtual address. 

BYTE the contents of a virtual address. 
CHARACTER an ASCII cnaracter. 

INTEGER - а variable. 


POINTER = лес ШО АГ СБ ОШЫН сп poirts to a 
user defined data structure. 
STRUCTURE - a Pascal record. 


/* end of explanation of declaration types */ 


depen 





/* The following is a list of variable and corstant 


declarations used in the Linker. 22 


DECLARE 


En buffer : STRUCTURE of 

size : INTEGER; 
name : ARRAY of CHARACTERS; 
END; 


Fixed Sn_ offset : INTEGER CONSTANT; 
Free link table : ADDRESS; 


In link address : POINTZR; 
Incoming link : STRUCTURE BASED at In, lirk address of 
Link snapped bit : PITE; 
Load Lp : INTEGEF; 
Jump inst : INTEGER; 
END; 


Mira cepo O INTERES 
Linkage array : STRUCTURE BASED at Linkage ptr of 
Size : INTEGER; 
Siitieagd ress. ALDSESS; 
Body : ARRAY of EYIS; 
END; 


Linkage address table : ARRAY of ADDRESS; 


New link ptr : POINTE?; 
New link table : STRUCTURE EASED at New link ptr of 
Size : INTEGER; 
Snt address : ADDRESS; 
Eody : ARRAY of EYTE; 
END; 


Object_see number : ADDRESS; 
ОЕШ ЦЕСС гуре = ЕТТЕ; 


Ir асагесо : POINTER; 
Outeoing link : ARRAY of INTEGER 
BASED at 0ut_linx_address; 


Эри Вет Е: STRUCTURE of 
size : INTEGER; 
name : ARRAY of CHARACTERS; 
END; 
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Sn_address : POINTER; 

ЕСЕПТЕ” STRUCTURE BASED at Sn_address of 
deseripror s 3771, 
name : ARRAY of CHARACTERS; 
linx_offset : INTEGEF; 
entry point : INTEGSR; 
END; 


DUO Ss ei INTEGER, 

Sn size : INTEGER; 

Sn size mask : BYTE CONSTANTI; 
Sn type mask : BYTE CCNSTANT; 


Target address : ADDRZSS; 


Template seg number : POINTER; 
ЕО ЕЕ STRUCTURE EASED at Template sez number of 
Size : INTEGER; 
Snt offset : INTEGER; 
Боду : ARRAY of BYT#; 
END; 


Type data : BYTE CONSTANT; 
Type procedure : BYTE CONSTANT; 


END of DECLARATIONS; 
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ПО ег соп го Моап1е «/ 
BEGIN 
/* Save processor registers if necessary */ 


CALL Access Symbolic Name Data; 
DAMM NEDSDnIISnwoffset, on buffer, Еп buffer, 
Linkage pointer; 
RETURN LIST ПИ EOS Sen) оп buffer, 
(ЕН о па суре сога пок тессге55•» 


/* ASM Make Accessable calls on the Address £pece Manager 
ШІП вето в. ео found in Sn Тог рег. папе to the 
process address space and return the segment 
number assigned to that object. */ 


CALL ASM_Maxe_Accessatle; 
БЕВ ОТОТ > So buffer.name; 
ГЕТПЕМ 1151 : Object_sez_number; 


CALL Linkage Table_Routines; 
PARAMETER LIST : Object_see_number, Link_address_ table, 
Неј и nk table, New link ptr; 
RETURN LIST ви О Linc address table, 
Free link table; 


CALL Access Entry Name Бата; 
ама cnEacduress.cEneourfer, New linx ptr, 
Object type, Object see number; 
RETURN LIST : Target address, In link address; 


CALL Snap the Links; 
ENS UEDSCEDSTO:CDg link-address, Out link eddress. 
New link ptr, Оне а суре, 
| Target_address; 
UNS E : None; 
/% restore processor registers if necessary */ 
JUKE to Out link address; 


SND Linker; 
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[ЕЕ ЖЕ ЖоК ЗИ AS FEBS BE GR HS EEE HS AE IES BS HE HE BSE RENE FAS AE IE A AE OE AER HS BE HE FS BIS OE OR IE AER A E A IR AR AC АЗ 
Access Symbolic Name Data performs the following functions: 


1. Ottains the address of the Symbolic name of the 
external reference being linked. 


2. Loads the symbolic name of the external reference 
in the symbolic nare tuffer (Sn Euffer). 


НИ Sie mea try name of the external reference 
in the entry name buffer (En buffer). 


4. Computes the outgoing link address and determines 
whetner the external object is a procedure or deta. 


Е Е ке ке кс ERE SIC BK SRE RE AEE / 
PROCEDURE Access Symbolic Name Data; 


реа питони тт : 5 о зе, Sa buffer, ып buffer, 
Linkage pointer; 


DECIARE i, temp : INTEGER; 


шид а есери сев арггау-зп у acaress + Sn offset; 
sn size = Sn_item.size AND Еп size mask; 


/* Load the symtolic name into Sn_buffer.name. */ 


і = 1; 
Dos Сеп опаше (1) <> : ) AND (i <= 5п 5122), 
Sn_buffer.name(i) = Sn_item.name(i); 
i = 1+ 1; 
ENDWEILE; 


/* Load symbolic name size into Sn tuffer.size. */ 


IF sn size TEEN Sn _buffer.size = is; 
S 


1 = Sn_ 
ELSE Sn_buffer.size = (1-1); 
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/* Load the entry name buffer with the entry пате. 


221 


5005176 THIN BEGIN 


/* No entry name Specified, default to the 
symbolic name às the entry name. */ 


Рио тег 5122 - 5n size; 
MOM to оп езе Ъу 1 ГО 
En buffer.name(i) = Sn_item.name(i):; 


XNDTEEZN; 


ELSE BEGIN /* entry name specified */ 
temp = 1; 
і = і + 1; 


A cM" entry цате in un buffer.size */ 


En _Euffer.size = Sn_ size - 1; 
саст епосу тате into entry name buffer */ 


DO WHILE (i <= Sn_size) 
En Euffer.name(i - temp) = Sn_item.neme(li); 
I UU ck c 
ENDWHILE; 
ENDELSE; 

/* Compute the address of the outgoing linx and 
determine the type (procedure or data) of the 
тег есь. “/ 

Out link address - Linkage pointer + 


ОП ево 56; 
Китере = сп item. descriptor AND Sn type mask; 


Pee biol > Sn address, En buffer, Sn_buffer, 
бес бе _ 11 address; 


END Access Symbolic Name Data; 
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J FRR ABBR BE AE AR СЕ С СС СА ЕС О АЗОТ О СО С О С ЕДО О 
е ~ . 1 е = г А © 
Ши Каге Table Toutines performs t^e following furctions: 


1. Determines if a linkage table already exist for the 
external reference being linked. 


ЛОКИ а се Тайе поп плез anitializea the 
Linkage Address Table value for the object and 
лекса оне Об јеси. 


b: If so, шкаге Table Routines sets a return 


parameter (New link ptr) equal to the linrage 
nointer value for the new objects linkage table. 


HE RE BS HE NE HE AE BSE DEBE AE SHE ХЕ дА AC OE HE EE BE NE AR AER ENEE KE E RR NE ES RR A A RR / 
PROCEDURE Linxage Table_Routines; 


EA 2 075122 Object see mumber, Link address table, 
Pree iine tarile чеш lank, ptr; 


IF Link address table (Object seg rumter) = nil TEEN 
/* This is the first time the object has teen 
referenced by the process and the linxer must 
build a linkage table for the object. */ 
BEGIN 
Link adéress table (Ohject seg rumter) - 
Free link table; 
РИМ Рао ес 1106: 
FAPAMETER LIST : Object_type, Free_link table, 
рев Орјес: сес number; 
RETURN LIST Gc er, tree link table; 
ENDTFEN> 
ELSE 
/* The object already has a linkage table. */ 
address table (Object. see rumter): 


Ши өг гс НЕМ ІШПЕ рг, Link address table, 
те си па арте; 


END Linkage Table Poutines; 
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КОШО О Ect. lirs performs the following functions: 


Ieee oauses the Address Space Manager to load the external 
object’s linkage table template into the process 
address space. 


2. Initializes a return parameter (New_link ptr) to the 
value of the object’s linkage pointer. 


5. Appends Object.link to the end of the combined linkage 
table. 


4. Deletes the linkage table template from tae process 
address space. 


^ V5 «is Эг ale wees ole We we у: ча у= ye Ja vs Yes e ve e Jade Je Ye We je 1 e ds e ye we 
¡Y PO IA AA үз сэ Фү. бүз дъ 9,5 9,5 49 Фү тү ы Ld nd ғұ» тұз 4% 27,%2,% 2» 41* 2,> 2, ғұ» тұ 2,» 5, 2 ~ ғұ” % 


PROCZDURE Build Object.linx} 


Soon List > Coject_type, Free linx table, Sn_trffer, 
ес aaa тушет; 


1) 


DECLAFE 1 ; INTEGE 


+ 


• 
. 


Их The following two steps cause Sn tuffer.rame to be 
loaded with the filename <symbolic name.template> 
and then invokes the Address Space Manager to have 
the template loaded into the process address space 
(with ASM Make _Accessable returning the Seerent 
Пе зоо лепе (о the template: “/ 


APPEND “template” to Sax buffer.namej 
CALL ASM Make_Accessable; 
(522251 11517: 2п buffer .name; 
RETUAN LIST Желе зе лт ет, 


(лети трг = Free link table; 


iy Object type = Type procedure CEN BEGIN 


/* If the object is a procedure, then its symbolic 
name table is in the object code segment. */ 


New link table.Snt_address = Template.Snt_offset + 


Ühject seg number; 
ENDTEEN; 
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NLS: BEGIN 


ИШЕ јест 15 data, then its symbolic name 
table is in its temolate. */ 


New_link table.Snt_address = New_link ptr + 
z;emplate.Snt offset; 
ENDELSE; 
New link tatle.Size - Template.Size; 
FOR i = @ to (Template.Size - 2) by 1 DO 
New_link table.Fody (i) = Template.Body (i); 
ENDZOR; 


Free link table = Free link table + 1 + 
Template .Size, 


CALL ASM Remove Seg; 
PARAMETER LIST : Sn buffer.nare; 
RETURN LIST : None; 
RETURN LIST : New link ptr, Free link table; 


END Bvild_Object.link; 
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ДОО А СД А О ЕСС С ОДО О С СЕ С ОС О С ОСС: 
Access Entry Name Lata performs the followinz functions: 


II пп име се tareet address in the external otject to 
be utilized in the linkage process. 


2. Computes the incoming link address (if applicable). 


we We we 4192 ee Oe O's v'e vig e es vie a'g 8400 S's Oe РЕКА ere ate чое о чо або йе ele o's Be ae We we ete alse we ate ae 17 yt ' Е , , Ы * . 
0 40 #9 99 n'oa n'o 470 w'e We a'e vo a'o viy vs Ve we 
7% 2% 2% 9;% 9,% 2,% “ұз 8$ Фүз 7үз Фү бул бүч AS Фү өүз түз 5,9 бү бүз Де 2.5 25 2,% A езу оч 7," 9,5 Oye бүч өү. 3,5 e, o FS oues o oum ot. AS eau S S 515 9,3 9,» • qam 6s 6m S SS IS Фұэ S / 


PROCEDURE Access Entry Name Data; 


BADAMETER LIST : Sn address, $n buffer, New linrz ptr, 
Object type, ObJect see numter; 


жа эт: сп item causes Sn address to point to the 
next entry in the external object'/s Symtoli^ Name 
пасте: 22 


PROCEDURE. Get Next Sn item (Sn address); 
Pe adres = Sn address + Fired Sn offset 
+ (Sn item.descriptor AND Sn cize mask); 
RETURN Sn_address; 
END Cet Next Sn item; 


/* Begin Access Entry Name Data. */ 
sn address - New link table.Snt address; 


DO WHILE Sn item.name 4» Zn buffer.name; 
Рес Nexrt Sn itemi 


ESnsetucscdress Орест аге ОЕ пе temeentryc point, 


IF Object type - Type procedure THEN 
In link address - New link ptr + Sn_item.link offset; 


КА ош Tareet_ address, In link address; 


SND Access Entry Name Data; 
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J FERE REHE RE SR HESI HESR IR О EAS ETE RE NE HE AS HE FASE BS HEN IE ЗА ЗОО УУ СО РОЗЕ О ЗОО РО ЛОРА 
9 ` , a 
Кер (ле Links performs the following functions: 
dum к= 


1. Snaps the outgoing link and incoming link fora 
Prroereeuresobjeet. 


Со паро the outgoing link for a data object. 
FS AE AS EAE AS FC FR OR IS DE HS HE IS HE HS HE IE IE XE L E E XS HE IE TS ASA Д ОК ОО EIN Е ООО ОЖ 5 / 
PROCEDUPE Snap the Iinxs; 
Beet ene List : In link address, Out_link address, 
кеп мо e CUIDE. 
tanget ace cess 5 
IF Ob ject_type = Type procedure TEEN EEGIN 
/* Snap a link for an external procedure. */ 
Outgoing link (0) « 'Jump to" In link address; 
I} Incoming link.linE snapped bit is unsnappe4 TEEN 
BEGIN 
Incoming link.Load Ip = "Тоа Ір” New link рег; 
Incoming link.Jump inst = Jump to Target adaress; 
ENDTEEN; 
ENTTEEN; 
ELSE BEGIN 


/* Snap a link for external data. */ 


“Toad pointer” Tarset_address; 


Outgoing link (€) 
Ре вето: 


Outeoine linx (1) 
ENDELSE; 


END Snap the Linxs; 
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EXECUTIVE Address Space Manager; 
2 en 


Explanation of variables 
Ле сые еек tne process preference tattle. 


Seg number - The segment number assigned to a newly 
IC есу оле procedure Load Object. 


PRT = The process reference table. 


/* end of variatle explanation */ 


/* The following is a list of variable and constant 
declaration used їп che Address Space Manager. */ 


DECLARE 


ГО 51те : INTEGER, 
Seg Number : ADDRESS; 


Pipes ARRAY of STRUCTURES of 
Valid bit : BCOLZAN; 
Name : ARRAY of CHARACTSRS; 
seg number : ADDRESS; 
END; 


END of DECIARATIONS; 
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ПА А СО AES SISAL AS AES кк 22522522555252225255525252222255252555222555252524252525225525252520252222252525,522 
ASM_Make_Accessabtle performs the following functions: 

De termines if the object passed as an arguments is 
already in tne process reference table (i.e., is 
already in the process address Space). 

2. If not, loads the object into memory at the next 
available memory location and updates the Frocess 
Reference Table (PRT). 


3. Returns to the point of call the segment numter 
assigned to the object. 


Me SESE RE RE RE REDS CAE RE BRE кс BE IK дк BI BIC OS BE NE OR AEDS BIE BEE BSE BE DE EME OS OH A TIE ERB RO CTE BS NE NE SET AEE Ree / 
PROCEDURE ASM Make Accessables 
PARAMETER LIST : Object name; 


DECLARE i : INTEGER; 
found : FOOLEAN; 


і = 1; 
found = false; 
/* check to see if Object_name is in the PRT */ 
DO WEILE NOT found AND i <= FRT size; 
IF PRT(i).valid_bit = valid TEEN BEGIN 
IF PRT(i).name = Object_nare 
TREN found = true; 
ELSE i =i +1; 
ENDTEEN; 


ENDWEIIE; 


123 





IF NOT found THEN BEGIN 
Па а tree PRT entry */ 
i= 1; 
DO WEILE PRT(i).valid_bit = valid; 
et, 
ENDWEILE; 
CAIL Load otject; 
ШЕЛ ЕТЕН Ти јес names 
RETURN LIST : зек 0 2097 
РЗТ(1).пате = Object_Name; 
РЕТ(1).5ег потђег = Sese Number; 
PRT(i).valid bit = valid; 
ENDTEEN ; 
LETURN LIST : PR&(i).sege_ number; 


END ASM Make Accessatle; 
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ANNE move Seg performs the following functions 

ime removes an object from a process address space. 
BE ME EIS AE AE HE HE HE AS ALA BS HESS IH AK HE BIC HE HS HS NS HS HS HE IE IR RE NE IE BS BR SiS RS AS HR OE SiS Ok He Se OK AK OIE OE OK ХА стихии 
PROCEDURE ASM Remove Seg; 

FARAMETER LIST : Object name; 


LECLARE i : INTEGER; 
found : FOOLEAN; 


Иж find Object name in the process reference tatle (PRT) */ 


1 = 1, 
found = false; 


DO WHILE NOT found AND i <= PRT size; 
IF FRT(i).name - Object name 
TEEN found - true; 
ELSE i = i + 1; 
ENDWHIIEZ; 
/* remove the object fron the PRT */ 
PRT(i).valid_bit = invalid; 
RETURN_LIST : попе; 


END ASM ?emove seg; 
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4291s Bur uo $5эарре или Эд әц} aaess Gqvid3x 'H IXT 
Iagjurod a3exur[ 3941] әль; я usid 
ще па > АТ Рио 47 ssed puer! SHOX 
Зитриа Јо Ss31Pppe 341 ум 5291 I Y H 901 PLOT! омтамя ‘H IXI 


I9jjnq'*Atdstp [TT?O pue xupI АТТРОТШРЏАР • 


(745%5 
2924 
BODY 

52 


69 
TO 


6a 
64 
224012 
Sd 
1098 12 
69 


44 
¡LEAR 


2412 
6414 
2119 
c8 12 


ТЕ ТО 
9414 


AVT 
ЧУ ТО 
үө 
ТЛ 
2,Ч ТЭ 
9712 


GVTI 
ом 14 


apos 193/10 uns 
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12213 4М4 


91421] ӨШРЧ 21104445 фо риа 


(ЯПТҮЛ ХЯН:114514, Я4 : 4«4АҮМ 29204 56Р?Ру 
02 ‘JO A : SLAM LNG 2220 

22 *Н?Т ЯТ: 24811 2071 

нат 44 : 42544 21 


Ən ea хоч" АтЧетр 104 Алупе: 


ч 


,4444104:114514, 44:  cAWVN Јуди обуру 
00 “92 ча : 214414 0220 

90 'HIO dT + <ANIT 29410 

HA 44 : 29544 12 


191104:41Т451р лој ліпа; 


,AVUUV, Td = TANVN 6STvcScGlv 
09 "08 84 : 13484 0000 
00 'HVO üT : TANTI 0012 

HG8 41: 19544 68 


эро 2Ua[( yo“ uns 


4412 
6412 
2419 
9419 


6919 
LTS 
сота 
РӘТ2 


4414 
ча Tå 
8412 
УЗ Та 
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a3nTea xay*ATdstp 01 


MR A ES DION 


AO Ld PhO 


uns 104 


qut 


HUTT 


HUTT 


qutt 


20108100 ‹ 


зптоз по : 


3410334001 


эптшооцт‹ 


H3313 ING 

y LSE 

Sos d Ти 

4 8514 

? 154 

3t ʻI IXI 

q HSfd 

? 164 

8292 ‘d IXI 

ad HStid 

02 ‘00 ‘90 “02 420 “22 ЕЯ 
: 1404 
22 “неЯ42 dq: INS 
00 ‘HETA 844 : 1215 
H@OTS 9480 


uns 103 з9јРТ4Шај 941 571 51941 4 


Lä 
71:14:48! 
Gd 


Gil 
гащи: 
Gd 


ud 
22083911 
Sd 


02020200220 


29224 
9061 


бї 2 


8113 
9112 
7112 


2112 
2113 
1912 


1212 
ЧО ТИ 
VØTƏ 
7012 
2019 
29 12 


29 12 
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10220024271 
102020210 
4222292122 
10230002312 
3502100010 
121222122 
4120921989 
1230222029 
1222232224 
820000290 
802000209 


822222222 


“400001002 
“120012202 
“122221222 
‘1399310319 
“100210202 
‘1123391232 
“121002212 
“121200020 
“122202222 
“120002009 
* 100200010 


29 “62 


Ча 
ча 
dd 
44 
qa 
da 
dd 
qq 
dq 
dd 
qq 
ad 


ЗА 


Ндд10 ING 


21191 
91101 
06101 
23101 
22101 
29101 
28121 
07107 
0: 1071 
12191 
д1101 
09101 


$215 


89310 340 


WAS 104 9112 5114 ШОТЭРООТЭ4 ЭЧ1 51 5141 4 


29 
239 
2989 
2621 
0%8? 
#7787 
call 
сет 
0020 
9224 
00092 
202v 


2961 


6119 


8113 
9119 
7112 
2114 
0119 
49 13 
9д12 
7719 
8919 
9214 
77190 
2019 


22149 


9219 
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HØØTØ UNA 


нят ‘60 ‘90 “20 “HVS 8G 
GJ) ‘$2 ‘62 ‘гб ‘12 ‘т Я = AVE 


H2212 240 


Kelle al1n39n11S5 ejep [euliaà1xa 2зц3 51 5113: 


4019 


91699229210 902Т102 
у2522212УҮ2 2319 


0210 





наета UNA 
‚ АУЧЧУ, IT: AWYN  6SI?cGScSIv 
02 "98 44 : АНДА 2009 
ð ‘Øg 44: ANTI 0002 
463 41: 2541 G3 
31487 gueu 9TTOQUÁS S ÁPIIP! 2 71106 
290 “923 44 : INS 292%2 
29 “71 44 : 4215 2049 
Нд212 940 


Келте 107} syetdwayr 941] 571 51414 


91Ө14ш919Хе414ү 


4914 


6419 
4310 
Gold 
7012 


2017 
0912 


29 19 
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A>EXEC DEMO 5 


DYNAMIC LINKER 


e 
EL 


742 
00 
ce 
Се 
де 
0% 
20 
ge 
ee 
2% 
De 
EL 
сс 
20 


717 
el 
22 
04 
24 
25 


27 
42 
09 
СА 
03 
ZC 
СГ 
08 
OF 


@@ 


22 
23 
04 
25 
06 
с? 
03 
29 
eA 
CE 
ес 
ст 
СЕ 
27 


21 
Ge 
05 
04 
45, 
26 
07 
Ce 


СА 
СЕ 
QC 
27 
2% 
Cr 
10 


2 


ве 
й2 
04 
Ge 
05 
СА 
ZC 
Ob 
1@ 
ШЕ 
14 
16 
ШЕ 
1A 
TC 
1E 


22 
25 
24 
05 
26 
07 
ДЕ 
29 
2А 
СВ 
gc 
2р 
0% 
ar 
10 
11 


c 
05 
(6 
29 
oC 
СЕ 
2 
15 
12 
1B 
1% 
21 
24 
Zr 
2А 
2р 


05 
24 
25 
06 
2” 
28 
29 
СА 


eC 
L 


0% 
СЕ 
1@ 


ша 


VERSION 1.2 


MULTIPLICATION TABLES 


20 де се 00 
04 05 06 07 
СЕ СА СС СЕ 
BC £F 12 15 
19 14 1€ 1C 
1 ЖОО ТЕ 23 
18 1E 24 24 
1 2A 31 
20 28 30 38 
24 20 36 37 
28 32 3C 46 
20 37 42 4D 
30 3C 4E 54 
34 41 4E 5P 
38 46 54 62 
3C 4B Ед 69 


ADDITION 


ee 


Но 
ДЕ 
20 
25 


56 
eg 
45 
20 
58 
66 
6E 
7€ 
25 


Э 


А 


СЕ 
СА 
12: 
13 
oe 
s 
5С 
+6 
5@ 
SA 


64 


L 6E 


Ce 
SE 
56 


B 


12 13 14 15 
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ОЕ 


Ci 
783 
10 
Ti 
12 
15 
14 
Ша? 
16 
200 
Ша 
ша 
ТА 


22001 


ZI 
25 
ИЕ 
10 
14 
12 
15 
14 
B 
16 
17 
18 
У 
14 
iF 


2% 
ГЕ 
1C 
2А 
TE 
46 
22 
?@ 
7E 
EC 
ЗА 
AS 
29 
(4 
ра 


Д7 
gr 


— ad 
20 





GNE = 


P 


« 00-72 0) 0! 


10 


22 
15 
14 
15 
16 


О 


ОБСЕСТ МАМЕ 
EASE ADDEESS 
: OEJECT NAME 

BASE ALDERSS 
QEJECT NAME 
BASE ADDRESS 
> OBJECT NAME 

БАЗЕ АВОСЬ 


NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 
NO 


ENTRY 
EN TRY 
ENTRY 
ENTRY 
ENTRY 
ENTRY 
ENTRY 
ENTRY 
ENTRY 
ENTRY 
ENTRY 
ENTRY 


DEMO. COM 
8593 
HEADER.DTA 
mut 

DI- REI COM 
95935 
MULT.COM 
9973 
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ПА и Nie LINKAGE TABLS 


LINKAGE ТАР 1 (Lp = 7252 ) (DEMO ) 


БГ227- 559 


ө өөө өө өө өө ө ө өө O O O 


О = КОСЕ 


UNSNAPPEL 
INCOMING LINF 


SNAPPED PROCEDURE LINE (ADDRESS - 70402) 


ечи? ЕШЬ e o e TE ee ee Oe ee ee ee eee ee ee ee ee ee ee «up 


| 

1 

! ТОАГ РТ? 9228 SNAPPED DATA LINK (ADDRESS - 7645) 
| 

| өэ өө өоөге өө ө ө ө ө ө ө ө 

! RETUPN 

A A а 

| 

! SUMP TO 7296 | SNAPPED PFOCELURE IINK (ADDEPSS - 7055) 
Е ии -- 

| | 

2"  ОМЕРРЕВ PROCEDURE LINK (ADDRESS - 72852) 
| 1 

ае 777 І 
LINKAGE TABLE 2 (Lp = 7056 ) (HEADER) 

E: AAA сг Та Ясыг сг, | 

1 | 

| SIZE - 25 | 

{үөөөө өө ө ө ө ооо о о о в | 

| 5ҚТ - 7с76 | 

| | 

1 


Е | 
DATA SYMEOLIC NAME TABLE (АГрРЕ55 - 7670) 


208 (0Д08:3М01 87294511 
IINE OFFSET — 0 
ENTRY EOINT — С 
NAME ЕЕ 


DESCRIPTOR = @5H 
PENS OPISET 27 
ENTRY POINT - 1 
NAME SL DE 





(2 21115 3 (lp = 7692 ) (кюр. 
SIZE - 16 


і 
і 
1 
еееееееееееееее е | 
| 
| 
і 


ЭЛИ lS 


оооооооооооооое о 
НР Той 


LOAD LP 7:92 


| 
| 
1 
і 
e 6 e e ө ө е е e ө ө е о о о е | 
| 
| 
! 
| 


— a m a 


LOAD LP "0992 | INCOMING IINE (ADDRESS - 7296) 
| 
| 
| 


INCOMING LINK (ADDRESS - 71¢2) 


JUMP 70 9625 


LINKAGE TABIE 4 (Lp = 7129 ) (миту 


ӨТЕ е 
SNP LES 
LOAD LP 7169 


ver 8 8 0090 өөө. өөө @ 


JUMP 10 10044 


INCOMING LINK (ALDRESS - 7113) 


а од тор А í—À ee ee ee um m amm авын ee amis 


| JUMP ТО 7096 | SNAPFED PROCEDURE LINZ (ADDRESS - 7119; 
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А>БХЕС SUM 5 


DYNAMIC LINKER VERSION 1.24 


ШЕЕ SUM OF TEE 


END OF SM 


DATA ARRAY IS 4А 


Ши ROCESS SEERENCE TABLE 


1 


nw 


CA 


: OBJECT NAME 
PASS ADDRESS 
: ОВТЕСТ NAME 
FASE ADDPESS 
> OFJECT NAME 
FASE ALDDEFSS 


* NO 
: МО 


ENTRY 
ENTRI 
ENTEY 
EN TRY 
ENTRY 
ENTEY 
EN TRY 
ENTRY 
ENTRY 
ENTRY 
ENTIT 
ENTRY 
EN TPY 


SUM.COM 
E699 
ARRAY.DTA 
96055 

DIC PEY CON 
9339 
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THE COMEINED TINKAGE TAELS 


LINXAGE TABLE 1 (1р = 7036 ) (sum) 


SS LO 


= БЕЙ? 


1 
| UNSNAPPED 
! INCOMING LINX 
LOAD PTR 9¢83 
RETURN 


SNAPPED DATA LINK (ADDRESS - 7040) 


SNAPFED PROCEDURE IINX (ADDRESS - 7645) 


1 
| ЈЈМР ТО 7075 
1 
1 


SNAPPED PROCEDURE ЇЇМХ (ADDRESS - 7252) 


о а а P D END cun OP ee со о о OD ep OD i aum URP AND - À enn 


LINKAGE TABLE 2 (Тр = 7256 ) (ARRAY ) 


% 9 е 9 е е е е е еө е е е е @ @ 


Sites COE 


чо бао но оа iu 1 D m ) 


DATA SYMBOLIC NAME TABL? (ADDRESS - 7660) 


Ши 01 102 = РОН 
INIA SETS 7 
ENTRY POINT - g 
NAME = ARRAY 








LINKAGE TABLE 3 (Тр = 7271 ) ( bISPLY) 


INCOMING IINK (ADDRSSS - 7675) 


INCOMING LINK (ADDRESS - 7661) 
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